Centrifuge and Numerical Modelling of the Seismic Response of Pile Groups in Soft Soils by ZHANG LEI
  
CENTRIFUGE AND NUMERICAL MODELLING 
OF THE SEISMIC RESPONSE OF PILE GROUPS 















   
  
CENTRIFUGE AND NUMERICAL MODELLING 
OF THE SEISMIC RESPONSE OF PILE GROUPS 
IN SOFT CLAYS 
 
 
ZHANG   LEI 




A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CIVIL & ENVIRONMENTAL 
ENGINEERING 





























       I hereby declare that this thesis is my original work and it has been written 
by me in its entirety. 
        I have duly acknowledged all the sources of information which have been 
used in the thesis. 
































        It is my great pleasure to express my sincere and profound gratitude to 
my supervisors, Asst. Prof. Goh Siang Huat and Prof. Lee Fook Hou, for their 
invaluable and thorough guidance and constant support throughout this 
research. Their crucial advice, analytical and methodical way of working, and 
generous encouragement has made it possible to accomplish this research 
work. I have learned a lot from the discussions with Asst. Prof. Goh Siang 
Huat and Prof. Lee Fook Hou going over every detail of both the centrifuge 
test and numerical simulation. Besides, the assistances provided by Asst. Prof. 
Goh Siang Huat and Prof. Lee Fook Hou are also appreciated. 
        I am extremely grateful to Dr. Banerjee Subhadeep for his generous help 
to give me necessary training and suggestion on the seismic centrifuge test. Dr. 
Banerjee Subhadeep’s help on the numerical simulation work is also greatly 
appreciated.  Dr. Zhao Ben’s, Dr. Liu Yong’s and Dr. Yi Jiang Tao’s 
suggestions on the numerical simulation work and Dr. Ma Kang’s suggestions 
on the seismic centrifuge test are greatly appreciated.         
       I am also very grateful to the staffs of the Geotechnical Centrifuge 
Laboratory at the National University of Singapore for their assistance 
throughout the study. Mr. Tan Lay Heng, Mr. Wong Chew Yuen and Dr. Shen 
Rui Fu had helped me a lot in the operation of centrifuge machine and for the 




Ann, Mr. John Choy and Mr. Loo Leong Huat also provided necessary 
assistance related to the experimental instrumentation components.  
        Special thanks are given to Dr. Tang Chong, Dr. Saw Ay Lee, Dr. Ho Jia 
Hui, Dr. Li Yu Ping, Mr. Yang Yu, Dr. Chen Jian, Dr. Sun Jie, Dr. Xiao Hua 
Wen, Dr. Ye Fei Jian, Dr. Yeo Chong Hun, Dr. Tran Huu Huyen Tran, Dr. Lu 
Yi Tan and other my fellow graduate students in the Center for Soft Ground 
Engineering for the friendship and encouragement. 
        I would also like to acknowledge NUS for providing all necessary 


















TABLE OF CONTENTS 
 
TABLE OF CONTENTS ··········································································· I 
SUMMARY       ······················································································ VI 
LIST OF TABLES ··············································································· VIII 
LIST OF FIGURES ················································································ IX 
LIST OF SYMBOLS ········································································· XXVII 
CHAPTER 1 INTRODUCTION ································································ 1 
1.1 Earthquake Effects on Pile Foundations in Soft Soil ······························ 1 
1.2 Far-field Earthquake Risks in Singapore ············································ 3 
1.3 Motivation and Objectives of This Research ········································ 4 
1.3.1 Limitations of Conventional Seismic Design Practice ··························· 4 
1.3.2 Previous Work by Banerjee (2009), Zhao (2013) and Others at the National 
University of Singapore ······························································ 6 
1.3.3 Objectives and Scope of the Present Research ···································· 8 
1.4 Outline of This Thesis ································································· 10 
CHAPTER 2 LITERATURE REVIEW ···················································· 18 
2.1 Dynamic Soil-pile Interaction under Seismic Loading ·························· 18 
2.1.1 Dynamic Field Tests ······························································· 18 
2.1.2 1-g Shaking Table Test ···························································· 24 
Table of Contents 
II 
 
2.1.3 Centrifuge Test ····································································· 27 
2.1.4 Simplified Analytical Methods ··················································· 31 
2.1.5 Numerical Simulations Using FEM, FDM and BEM ·························· 35 
2.2 Pile Group Effect ······································································· 41 
2.3 Concluding Remarks ·································································· 46 
CHAPTER 3 CENTRIFUGE TEST SET-UP AND SPECIMEN 
PREPARATION ································································ 58 
3.1 Introduction ············································································· 58 
3.2 Principles of Geotechnical Centrifuge Modeling ································· 58 
3.3 Shake Table ············································································· 60 
3.3.1 Laminar Box ········································································ 60 
3.3.2 Shaking Apparatus ································································· 61 
3.4 Transducers ············································································· 62 
3.5 Pile-raft System ········································································· 63 
3.6 Sample Preparation ···································································· 64 
3.6.1 Preparation of Clay Slurry ························································· 64 
3.6.2 Consolidation of Clay Slurry ······················································ 65 
3.7 Input Earthquake Motions ··························································· 66 
CHAPTER 4 CENTRIFUGE TEST RESULTS AND DISCUSSION ············· 77 
4.1 Soil State after 50-g Consolidation Phase ·········································· 79 
4.2 Pore Pressure Response due to the Applied Ground Motions ················· 81 
4.3 Free-field Acceleration Response of Pure Kaolin Clay Beds ··················· 82 
4.4 Raft Acceleration Response ·························································· 86 
4.4.1 Influence of Pile-raft Configuration ·············································· 86 
4.4.2 Influence of Ground Motion Intensity ··········································· 90 
4.4.3 Influence of Added Masses on the Raft ·········································· 92 
Table of Contents 
III 
 
4.4.4 Comparison with Other Experimental Results ·································· 94 
4.5 Seismic Bending Moment Response ················································ 99 
4.5.1 Influence of Pile-raft Configuration ············································· 100 
4.5.2 Influence of Ground Motion Intensity ·········································· 101 
4.5.3 Influence of Added Masses on the Raft ········································· 104 
4.5.4 Comparison with Other Experimental Results ································· 105 
4.6 Summary and Conclusions ·························································· 108 
CHAPTER 5 NUMERICAL SIMULATIONS OF SEISMIC PILE-RAFT-SOIL 
INTERACTION······························································· 151 
5.1 Introduction ············································································ 151 
5.1.1 Lateral Boundary Condition······················································ 152 
5.1.2 Element Size ······································································· 153 
5.1.3 Time-step Increment ······························································ 154 
5.1.4 Pile Modelling ····································································· 156 
5.1.5 Pile-soil Interface ·································································· 157 
5.1.6 Soil Constitutive Model Used in This Study ··································· 159 
5.2 Numerical Simulation of Free-field Soil Response ······························ 161 
5.2.1 Pure Kaolin Clay Stratum Subjected to Long-duration Small, Medium and 
Large Ground Motions ···························································· 162 
5.2.2 Pure Kaolin Clay Stratum Subjected to Short-duration Small, Medium and 
Large Ground Motions ···························································· 164 
5.3 Pile-raft-soil Seismic Interaction ··················································· 165 
5.3.1  4×3 Aluminum Pile-raft Model Subjected to Long-duration Small, Medium 
and Large Ground Motions (Tests 10, 11 and 12) ····························· 166 
5.3.2 4×3 Hollow Steel Pile-raft Model Subjected to Long-duration Medium and 
Large Ground Motions (Tests 25, 26 and 27) ·································· 167 
5.3.3 4×3 Aluminum Pile-raft Models with Different Added-masses, Subjected to 
Short-duration Medium Ground Motion (Tests 17, 19, 20 and 21)·········· 168 
5.3.4 4×3 Hollow Steel Pile-raft Model Subjected to Short-duration Medium and 
Large Ground Motions (Tests 29 and 30) ······································ 170 
5.4 Influence of Boundary Distance on the Pile-raft Response ···················· 171 
5.4.1 Influence of Boundary Distance on Raft Acceleration Response ············ 172 
Table of Contents 
IV 
 
5.4.2 Influence of Boundary Distance on Pile Bending Moment Response ······ 173 
5.5 Concluding Remarks ································································· 175 
CHAPTER 6 RESULTS AND DISCUSSIONS FROM THE NUMERICAL 
PARAMETRIC STUDIES ················································· 208 
6.1 Introduction ············································································ 208 
6.2 Previous Relevant Studies ··························································· 209 
6.2.1 Acceleration Response at Raft or Foundation Level ·························· 209 
6.2.2 Pile Bending Moment Response ················································· 210 
6.3 Parametric Studies ···································································· 217 
6.3.1 Influence of Pile Length ·························································· 221 
6.3.2 Influence of Pile Flexural Rigidity ·············································· 222 
6.3.3 Influence of Structural Mass ····················································· 223 
6.3.4 Influence of Peak Base Acceleration ············································ 223 
6.3.5 Influence of Soil Stiffness ························································ 224 
6.3.6 Influence of Soil Strength ························································ 225 
6.3.7 Influence of Pile Density ························································· 227 
6.3.8 Influence of Soil Thickness ······················································ 227 
6.4 Formulations of Maximum Pile Bending Moment and Peak Foundation-level 
Relationships ··········································································· 228 
6.4.1 Formulation of Dimensionless Terms for the Maximum Pile Bending 
Moment and Peak Raft Acceleration Correlations ···························· 229 
6.4.2 Comparison Between Calibrated Correlations and FEM Analysis ·········· 232 
6.5 Comparison with Centrifuge Test Results ········································ 236 
6.6 Pile Spacing Effect on Pile Bending Moment Response ························ 239 
6.7 Pile Diameter Effect on Pile Bending Moment Response ······················ 241 
6.8 Concluding Remarks ································································· 243 
CHAPTER 7 SUMMARY AND RECOMMENDATIONS FOR FUTURE 
WORK ··········································································· 289 
Table of Contents 
V 
 
7.1 Summary ················································································ 289 
7.1.1 Centrifuge Modelling ····························································· 289 
7.1.2 Numerical Validation of Seismic Centrifuge Tests ··························· 292 
7.1.3 Parametric Studies on Seismic Soil-Pile-Raft Interaction ···················· 293 
7.2 Recommendations for Future Work ··············································· 294 
7.2.1 Recommendations for Further Centrifuge Test ································ 294 
7.2.2 Recommendations for Further Numerical Simulation ························ 295 
REFERENCES ··················································································· 297 
APPENDIX A   EFFECT OF JOINT FLEXIBILITY ······························· 306 
APPENDIX B  TYPICAL MEASURED ACCELERATION AND BENDING 
MOMENT TIME HISTORIES ·········································· 313 
APPENDIX C  LIST OF NUMERICAL SIMULATIONS FOR THE 
PARAMETRIC STUDIES IN CHAPTER 6 ························· 352 
APPENDIX D  TYPICAL COMPUTED LATERAL DISPLACEMENTS AT 












     
The behavior of pile foundations under earthquake loading is an 
important factor affecting the performance of structures. Observations from 
past earthquakes have shown that piles in firm soils generally perform well, 
while those installed in soft or liquefiable soils are more susceptible to 
problems arising from ground amplification or excessive soil movements.  
This study is a continuation of the previous work carried out at the 
National University of Singapore by Banerjee (2009). Banerjee studied the 
seismic response of kaolin clay beds subjected to short-duration far-field 
ground motions of about 25 secs, with and without an embedded single pile 
raft system. In this study, the pile foundations are extended to include small to 
medium size pile groups.  In addition to the short-duration far-field ground 
motions used by Banerjee (2009), a set of long-duration ground motions 
containing about 200 secs of strong motion shaking are also adopted in this 
study, these being representative of the bedrock motion in Singapore that may 
occur due to events triggered by a rupture along the Sunda subduction trench. 
This study consists of experimental tests, numerical back-calculations 
using 3-D finite element analyses and numerical parametric studies.  
The experiments were carried out using the geotechnical centrifuge 
facility at the National University of Singapore.  Several small-scale pile-raft 
models were fabricated, ranging from a 2×1 to a 4×3 pile group.  Each pile-




laminar box, which was then subjected to controlled base excitation via a 
shaking table mounted on the centrifuge platform.  The accelerations at 
selected locations within the model, as well as the bending strains at various 
depths along the piles, were measured during the simulated earthquake events.  
A series of three-dimensional finite element simulations were carried out 
to back-analyze selected centrifuge tests using the general purpose finite 
element program ABAQUS.  These analyses incorporate a user-defined 
subroutine of the hyperbolic-hysteretic soil model proposed by Banerjee (2009) 
for soft clays.  The numerical simulations provided reasonably good 
predictions for the maximum pile bending moments along the piles as well as 
the acceleration response at both the free-field ground surface and the raft top. 
The numerical simulations were then extended to perform a series of 
parametric studies to investigate the influence of factors such as thickness of 
the soft soil layer, soil shear modulus, soil friction angle, pile flexural rigidity, 
pile length, pile material density, bedrock acceleration intensity and mass of 
superstructure. The finite element simulations of the parametric studies were 
carried out for a 5×5 pile group in a pure clay bed subjected to a series of far-
field short-duration ground motions. Based on the results of the parametric 
studies, dimensionless correlations were derived using multivariate regression 
analyses to predict the maximum bending moment near the pile head and the 
peak acceleration of the raft. 
 
Key words: soft soil, centrifuge test, earthquake, ground motion, numerical 
simulation, acceleration, bending moment, amplification, resonance period.  
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CHAPTER 1 INTRODUCTION 
 
1.1 Earthquake Effects on Pile Foundations in Soft Soil  
Pile foundations are extensively employed as foundations for high-rise 
buildings, bridge piers, storage tanks and other structures.  In many cities such 
as Bangkok, Kuala Lumpur, Jakarta, Mumbai, Shanghai, Singapore, where 
thick layers of soft soils are commonly encountered, pile foundations are 
widely adopted to transfer building and superstructural loads to the bedrock or 
stiffer soil layers.  Hence, the performance of pile foundations constructed in 
soft soils against natural hazards is an important area of study.    
As shown in Figure 1.1, about one quarter of the land in Singapore is 
underlain by soft soil deposits (Kallang formation), with the thickness ranging 
from 5 m to 45 m (Banerjee, 2009). In such soil conditions, pile foundations 
are commonly employed to support the buildings and super-structure.  
Singapore can be affected by earthquakes occurring along the Great 
Sumatran Fault or the Sunda Trench, more than 350 km away from the island 
(Figure 1.2). Although the typical earthquakes felt in Singapore are quite small 
(Figure 1.3), the past centrifuge and numerical studies by Banerjee (2009) 
have shown that significant bending moments may be generated in piles 
embedded in clays subjected to far-field earthquakes. 
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 During an earthquake, piles are subjected to lateral loadings arising from 
the kinematic and inertial effects imposed by the surrounding soil, as well as 
the dynamic response of the super-structure which they support.  If the piles 
are not designed for such loadings, they may be subjected to structural distress 
leading to cracking or the formation of plastic hinges.  Also, after the 
earthquake, if the residual strength of the soil is insufficient to resist shear 
stresses caused by a sloping site or a free surface such as a river bank, 
significant lateral spreading may occur which may exert additional earth 
pressure to the piles (Finn and Fujita, 2002).  
        Figures 1.4 and 1.5 show examples of pile damage caused by the 1964 
Niigata and 1995 Kobe earthquakes.  In the Kobe earthquake, many buildings 
were abandoned not because of the severe damage in superstructure, but rather, 
due to the failed foundations (Karkee and Kishida, 1997; Bhattacharya et al., 
2008 & 2009). As shown in Figure 1.5, many buildings in the 1995 Kobe 
earthquake tilted and/or settled without obvious damage to superstructure, 
owing to the buckling of piles (Bhattacharya et al., 2009).  
A major problem associated with earthquakes in soft ground is the 
amplification of seismic-induced ground motion by soft soil layer(s) (Tinawi 
et al., 1993; Pan, 1997; Mayoral et al., 2009; Banerjee, 2009).  As a result, 
piles may be subjected to amplified lateral loading even under small or 
moderate earthquakes. Many studies have shown that soil-structure-interaction 
(SSI) effects on the seismic response of foundations are quite significant for 
stiff structures on soft soils rather than the flexible structures on stiff soils 
(Aviles and Perez-Rocha, 1998; Kim and Roesset, 2004; Rayhani and El 
Naggar, 2008; Rayhani and El Naggar, 2012). In particular, the stiffness 
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degradation of soft clay during seismic loading can  influence the natural 
frequency of the whole pile-soil-superstructure system (Burr et al., 1994 & 
1997; Boominathan et al., 2006; El Naggar et al., 1995 & 2004), which makes 
the dynamic response of the entire system more complex. In addition, pile 
foundations constructed in soft soils may also suffer damage under seismic 
loadings due to the possible decrease in the strength of the soft soils under 
cyclic loading (Chu, 2008). 
 
1.2 Far-field Earthquake Risks in Singapore 
Singapore is historically considered an area with low seismic hazard. 
Hence current building codes do not incorporate seismic design requirements. 
However, over the last few years, earthquake events arising from western 
Sumatra, Indonesia, have resulted in tremors that were felt in several parts of 
Singapore, notably in the central and the east, where soft marine clays are 
commonly encountered.  These events occurred mainly along one of two 
active fault zones in this region: the Great Sumatran Fault and the Sunda 
Subduction Trench. The nearest distance between Singapore and the Great 
Sumatran Fault is about 350 km, while the Sunda Trench is about 600 km 
away (Megawati et al., 2002).  The Sumatra fault is a strike slip fault and the 
energy stored by the shear interlock is limited.  It is postulated that the 
magnitude of earthquakes generated along this fault should typically not 
exceed 7.6 on the Richter scale (Balendra, 2002).  On the other hand, the 
Sunda subduction trench was formed by the convergence between the Indian-
Australian and Eurasian plates (Pan et al., 2007). The relative movement 
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between the Australian and Eurasian plates can be quite sudden and significant, 
giving rise to potentially much larger earthquakes (Balendra, 2002).   
It is well known that the high frequency components of seismic waves 
tend to be damped out as these waves propagate away from the earthquake 
source (Balendra, 2002; Pan et al, 2004; Megawati, 2002). Hence, the long 
distance earthquake waves, especially from the Sunda subduction zone, are 
rich in low frequency components by the time they reach Singapore.  The 
dominant frequencies of the long distance earthquake waves recorded in 
Singapore are mostly less than 1 Hz, which generally fall within the natural 
frequency range of 0.3 to 2 Hz as reported by Pan et al. (2011) for soft marine 
clays.  This may result in amplification of the bedrock motion, the severity of 
which is further compounded if the natural frequencies of the buildings are 
also close to the dominant frequencies of the long distance earthquake waves.  
As shown in Table 1.1, from 2000 to 2007, there are a total of 12 significant 
subduction earthquakes which caused perceivable tremors in Singapore 
(Megawati and Pan, 2010). 
 
1.3 Motivation and Objectives of This Research 
1.3.1 Limitations of Conventional Seismic Design Practice 
In a recent study, Pan et al. (2011) modeled the response of a 15-storey 
and 30-storey generic building located in the soft marine clay region of 
Singapore, subjected to far-field effects arising from a hypothetical Mw 8.8 
earthquake triggered by a rupture in the Mentawai segment of the Sunda 
subduction trench.  Their results show that, apart from fine cracks that may 
develop in the masonry walls of the upper floors in the 30-storey building, 
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structural damage is unlikely to occur.  However, it should be noted that their 
analyses focused on the structural response of the building; seismic soil-pile-
raft interaction and possible effects on piles were not considered. In fact, their 
numerical models do not incorporate any foundation elements.  Soft soil 
amplification effects are treated simplistically by carrying out one-dimensional 
wave propagation analysis using the program SHAKE (Arulanandan, 1997), 
and the resulting free-field ground surface motions are prescribed as base 
input to their structural models.   
The approach adopted by Pan et al. (2011) is commonly used in 
earthquake engineering.  Even in earthquake-prone countries which have 
established specific seismic codes for building design, such as the U.S. and 
Japan, most of the current codes for construction focus mainly on the inertial 
effect of superstructure (Nikolaou et al., 2001; Maiorano et al., 2009; De 
Sanctis, 2010; Banerjee, 2009; Zhao 2013).   The kinematic effects of the 
surrounding soils acting on the piles are generally not considered.  Some codes, 
such as Eurocode 8, recommend consideration of both kinematic and inertial 
effects in building design. However, analytical methods for doing so are not 
provided. In practice, most engineers are likely to concentrate only on the 
capacities of the building when subjected to earthquake loading at the building 
base, while kinematic effects arising from the interaction between the 
underground soil and the pile foundation are usually not considered (Kavvadas 
and Gazetas, 1993; Maiorano et al., 2009; Castelli and Maugeri, 2009; 
Nikolaou et al., 2001; Dezi et al., 2010a & 2010b).  
Using centrifuge and numerical modelling, Banerjee (2009) examined the 
seismic effect on a small single fixed-head pile embedded in soft clay. His 
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results show that the pile-raft response differs significantly from the free-field 
ground motion.  This indicates that seismic soil-pile-raft interaction effects are 
not negligible, even for single pile systems. Hence, to ignore the presence of 
the pile-raft foundation and simply assign the free-field ground surface motion 
as base input to the superstructure may not yield realistic seismic response of 
pile-supported buildings.  
 
1.3.2 Previous Work by Banerjee (2009), Zhao (2013) and Others at the 
National University of Singapore   
Initial earthquake geotechnical research at the National University of 
Singapore (NUS) involves studying the seismic response of soft soil deposits 
without any piles or structures present (Niu, 1997; Zhao, 1999). Banerjee 
(2009) extended this work to the seismic response of pile-raft foundations 
constructed in soft soils.  His work involved laboratory characterization of the 
dynamic properties of the Malaysian kaolin clay used in the experiments, 
namely the strain-dependent modulus reduction behavior (Figure 1.6), the 
strain-dependent damping ratio (Figure 1.7) and the degradation effects under 
repeated cycling (Figure 1.8).  A strain-dependent hyperbolic-hysteretic soil 
model was then proposed which incorporates the observed features of strain-
softening and cyclic degradation.  Figure 1.9 shows the initial backbone curve 
associated with the proposed model.  
Banerjee also conducted centrifuge experiments to evaluate the seismic 
response of single piles installed in kaolin clay beds.  In his experiments, the 
piles were arranged in a 2×2 layout and connected to a raft with prototype 
dimensions of 12.5m × 7.5m × 0.5m.  To minimize interaction effects between 
the piles, the spacing-to-diameter ratios (s/d) were set at 11 and 6 in the 
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directions parallel and perpendicular to the strongbox shaking direction, 
respectively.  Superstructural loading were modelled by adding weights on top 
of the raft. 
The input ground motions modelled by Banerjee were short-duration 
events lasting about 25 secs in prototype terms, as shown on Figure 1.10.  
These ground motions are representative of those which may arise from 
sources along the strike-slip Sumatran fault, and were scaled to different peak 
ground accelerations to simulate earthquakes of different magnitude. 
Banerjee (2009, 2014) also carried out 3-D finite element analyses that 
incorporate the hyperbolic-hysteretic soil model to model the centrifuge 
experiments of the pure clay beds, as well as those containing the pile-raft 
systems.  The results showed that the measured raft response and the bending 
moments in the pile could be reasonably captured by the 3-D analyses.  The 
validated 3-D model was then used to carry out additional finite element 
analyses in which different soil, pile and earthquake parameters were 
systematically varied.  The numerical results were compiled into a database 
for calibrating a semi-empirical relationship which estimates the maximum 
bending moment in the pile based on a series of dimensionless terms.  
Zhao (2013) developed a parallel finite element code incorporating the 
hyperbolic-hysteretic soil model proposed by Banerjee (2009). With the 
framework of GeoFEA (http://www.geosoft.sg/products/geofea.php), a 
series of large scale finite element simulations was performed to study seismic 
soil-foundation-superstructure interaction.  His studies are fully numerical-
based and involved very large pile groups (with pile group size as large as 
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9×21) embedded in a two-layer system comprising an upper soft soil layer and 
a lower stiff soil layer. Based on a series of parametric studies, he proposed 
semi-empirical formulae to predict the maximum seismic pile bending 
moments at both the pile head and the interface between the upper soft and 
lower stiff soils. 
 
1.3.3 Objectives and Scope of the Present Research    
The present research is an extension of Banerjee’s (2009) study. The 
main focus is to study the seismic response of a reasonably sized pile group 
(up to 5×5) embedded in soft soils.  As such pile groups are commonly used as 
in foundation systems, it is important to understand their behavior under 
earthquake excitation.  Besides the 25-second short-duration ground motions 
used by Banerjee (2009), a set of long-duration ground motions that may 
result from a rupture along the Sunda subduction trench were also adopted in 
the present study.   
        The general experimental setup and testing process adopted in this study 
are fundamentally similar to those used in the earlier PhD study by Banerjee 
(2009) for single pile response. However, there are several new aspects 
incorporated into this study, both experimentally and numerically, which 
focuses on pile-group response.  For the centrifuge tests, several new aspects 
were considered, i.e., (1) four different sizes and layouts of pile groups, which 
allowed for the study of group effects, (2) more strain gauges were mounted 
along the instrumented piles to better capture the bending moment distribution, 
(3) an additional longer duration earthquake (scaled to different peak 
accelerations) was used to simulate events arising from the Sunda Subduction 
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Trench, in addition to the short-duration earthquake used by Banerjee (2009) 
for events arising from the Great Sumatran Fault.  For the numerical 
simulations, (1) a new and more efficient VUMAT subroutine was developed 
for use in ABAQUS explicit analysis. This introduces a significant savings in 
the computational time when carrying out the larger scale 3-D seismic 
numerical analyses involving the pile group-raft-soil system. (2) More 
parameters were considered in the numerical parametric studies, to account for 
pile group size and soil strength effects. (3) The results from the 
comprehensive parametric studies were used to derive useful correlations for 
both the maximum raft acceleration and the maximum pile bending moment 
for pile groups of different sizes. 
       This proposed research comprises both centrifuge experimental testing 
and numerical simulation. The centrifuge shaking table system is the same as 
that used by Banerjee (2009). Four different pile-group configurations were 
model-tested, namely 2×1 sparse (to simulate single pile), 2×1 compact, 2×3 
and 4×3 pile groups.  The piles were rigidly connected to the pile raft and the 
entire pile-raft structure was embedded in a kaolin clay bed. Two types of 
piles were used: solid aluminum and hollow steel piles. The instrumentation 
includes accelerometers placed within the clay layer and on the raft-top, pore 
water pressure transducers (PPT) embedded at different depths in the clay, and 
strain gauges mounted along the pile for obtaining the bending moments. 
       In the numerical study, three-dimensional finite element modeling was 
carried out using the general purpose program ABAQUS incorporating the 
user defined material subroutine (VUMAT) based on the hyperbolic-hysteretic 
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model proposed by Banerjee (2009).  The three-dimensional finite element 
models were set up in prototype dimensions.   
The measured acceleration responses and bending moment profiles of 
piles from the centrifuge tests were compared with those computed from the 
numerical simulations. Based on the comparisons, the ground motion and pile-
raft amplification effects, as well as the maximum bending moment profiles 
and other seismic pile group effects, were discussed.  After the validation 
exercise, a series of parametric studies was then conducted using the same 
ABAQUS program and the user-defined subroutine for the hyperbolic-
hysteretic soil model. The aim is to develop a framework to predict the 
maximum pile bending moment and maximum raft or building base 
acceleration for pile-raft systems embedded in soft soils subjected to seismic 
excitation at the bedrock. 
 
1.4 Outline of This Thesis 
Including this Chapter 1, the thesis consists of 7 chapters.  
In Chapter 2, the published literature in the area of dynamic soil-pile 
interaction is reviewed, including field pile dynamic test, simplified analytical 
method, and numerical simulation.  The previous published works related to 
dynamic pile-group effect (pile-pile interaction) are also reviewed and 
discussed.  Through this exercise, the existing knowledge gap in the area of 
seismic soil-pile-raft interaction will be highlighted. 
In Chapter 3, the basic scaling relations for centrifuge testing are 
introduced. A detailed description of the centrifuge equipment and 
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experimental set-up for dynamic earthquake testing is provided.  The sample 
preparation procedures are also described. 
In Chapter 4, the present centrifuge test results for different pile-raft-soil 
systems subjected to both short- and long-duration ground motions are 
presented and discussed.   
In Chapter 5, 3-D finite element validation analyses of some selected 
centrifuge tests from Chapter 4 are performed using the general purpose 
program ABAQUS which incorporates a user-defined VUMAT subroutine of 
the hyperbolic-hysteretic model proposed by Banerjee (2009). Through the 
comparison between the experimental and numerical results, some conclusions 
and findings are drawn. 
In Chapter 6, the numerical simulations are extended to include a series 
of 3-D finite element parametric studies. The results from the parametric 
studies are presented and analyzed to develop a framework for estimating the 
maximum pile bending moment (within the pile group) and the maximum 
acceleration of the raft near the ground surface level. 












Table 1.1 Sumatran subduction earthquakes which produced tremors in Singapore 











































Figure 1.3 Acceleration and displacement of the 2005 Great Nias-Simeulue 
earthquake, recorded in Singapore BTDF station (after Pan et al., 2007) 
 






Figure 1.4 Damage to Yachiyo Bridge in the 1964 Niigata earthquake in Japan (after 
Hamada et al., 1987) 
 
 
Figure 1.5 Tilting of a pile-supported building following the 1995 Kobe earthquake 














Figure 1.6 Shear modulus reduction curves with strain level (after Banerjee, 2009) 
 
 
Figure 1.7 Computed and measured damping ratios at different shear strain 



































Figure 1.10 Short-duration medium ground motion used by Banerjee (2009) 





CHAPTER 2 LITERATURE REVIEW 
 
2.1 Dynamic Soil-pile Interaction under Seismic Loading 
The most direct and realistic approach to investigate seismic soil-pile 
interaction is to analyze the data of measured pile and soil response during 
earthquakes.  However, very few databases incorporating field seismic 
performance of piles have so far been produced, which means that some other 
indirect methods to investigate dynamic pile-soil interaction are needed. There 
are several other approaches to investigate dynamic pile-soil interaction under 
dynamic loadings, including dynamic field testing, centrifuge testing, 1-g 
shaking table testing, simplified analytical methods and numerical simulations.  
 
2.1.1 Dynamic Field Tests  
Dynamic pile tests in the field are mostly carried out by applying vertical 
or lateral forced cyclic vibration loading at the pile head or pile cap. Some 
other approaches have also been employed. For example, Rollins et al. (2005b) 
used shallow-buried explosives to generate the high excessive pore pressure 
that an earthquake would produce. Black (2005) and Agarwal et al. (2006) 
used a large NEES triaxial shaker T-Rex (Figure 2.1), to generate earthquake-
like shaking waves in the  ground near the pile-structure. However,  apart from 
the T-Rex loading, the other loading means generally do not produce loadings 
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which are  representative of those arising from seismic soil-pile interaction, in 
that the effects of the inertial loads that the soil mass may impose upon the 
piles are not considered.  
Blaney and O’Neill (1986) investigated the dynamic response of a 
cantilevered pile-cap supported by a single steel pile (0.273 m diameter and 
13.4 m length) embedded in stiff, overconsolidated clay.  The whole single 
pile system was subjected to three-stage lateral cyclic loadings at the pile cap, 
loading amplitudes being 890 N, 2.67 kN and 890 N, respectively. Each stage 
of cyclic loading lasted for 30 s, and involves the frequency ranging from 1 Hz 
to 15 Hz. The test results showed that, compared to the static response, the 
pile-soil-cap system generally had much larger values of flexibility under 
cyclic loadings and the resonant peak amplitude of flexibility measured at the 
pile cap could be as high as 10 times the static flexibility. Subsequently, 
Blaney and O’Neill (1989) extended their study to a 3×3 steel pile group 
driven into a layered deposit of overconsolidated clay. The basic procedure 
was the same as the previous 1986 study and the findings were also similar. 
However, Blaney and O’Neill (1986 and 1989) only focused on the impedance 
of the foundation system subjected to dynamic loadings at the pile cap; the 
individual pile response as well as the possible pile group effect were not 
investigated. 
Brown et al. (1988) performed a series of tests on a large-scale 3×3 steel 
pipe piles and an isolated single pile embedded in firm to dense relative dry 
sand. Cyclic loadings were applied through a loading frame connected to the 
pile heads via a moment-free joint. It was found that, due to pile group effect, 
a phenomenon called “shadowing effect” was quite significant in that the 
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leading piles generally experienced larger bending moments and resistance 
values than the trailing piles. To account for the pile group effect on pile-soil 
interaction, they suggested that a constant “p-multiplier” could be used to 
modify p-y curves for an isolated single pile. 
An electromagnetic shaker was used by Sy and Siu (1992) to generate 
dynamic excitations (vertical, lateral and rocking modes) to a structural mass 
supported by a cast-in-situ expanded base concrete pile. The tests were 
performed to obtain the measured resonant and natural frequencies 
corresponding to the three modes. The measured results were generally in 
good agreement with the theoretical results except for the rocking mode. 
However, the authors noted that the sequence of the vibration testing could 
have considerable influence on the measured results. 
Burr et al. (1994, 1997) reported the results of two field tests to study the 
dynamic response of a 2×2 pile group (Figure 2.2).  One site contained mainly 
stiff cohesive soil, while the other was predominantly soft clay.  The piles 
were steel tubes of diameters 25.4 mm, 38.1 mm, and 51.0 mm, with wall 
thicknesses of 1.2 mm, 1.2 mm, and 1.6 mm, respectively. The dynamic loads 
were applied by a vibrator positioned on top of the lead mass affixed on the 
pile cap. The influence of loading frequency on the displacement, rotation, and 
acceleration response along with the effect of pile spacing on the measured 
pile group natural frequency were investigated.  It was found that dynamic 
loading on pile groups caused a significant reduction in the overall group 
resistance and therefore also in the natural frequency. Furthermore, pile-soil-
pile interaction effects were found to be negligible if pile spacing was larger 
than 12 times diameter.  
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Ayothiraman and Boominthan (2004) performed a series of 1-g model 
tests to investigate the flexural behavior of singles piles in clay.  The model 
piles used are aluminum piles with an outer diameter of 25 mm and a 
thickness of 3mm, with the length to diameter ratio (L/D) ranging from 10 to 
40.  A series of sinusoidal dynamic loads with different force levels and 
frequency contents were applied at the pile head.  To minimize the wave 
reflection at the model boundaries, an absorbing layer of saw dust was 
carefully applied at the boundaries using a proper boundary separating 
technique.   The test results suggest that the pile response (i.e. deflection, 
lateral stiffness, bending moment and effective length) can be influenced by 
factors such as the pile geometry, pile property, and loading amplitude and 
frequency of the applied dynamic loads. 
In order to obtain the natural frequency, damping factor, and dynamic 
lateral stiffness of a single pile embedded in soft clay, Boominathan and 
Ayothiraman (2006) performed a series of field dynamic tests on 33 different 
types of single piles with a forced lateral loading applied at pile cap. It was 
found that both the measured dynamic lateral stiffness and the natural 
frequency of soil-pile system were greatly influenced by the properties of the 
top soil. 
        Rollins et al. (2005a, 2005b) conducted a series of full-scale tests to 
investigate the lateral dynamic response of pile groups before and after 
liquefaction in sands, with a 3×3 pile group with nominal spacing-to-diameter 
ratio of 3.3 in both directions and a single pile constructed in the same site for 
the comparison purpose.  The cyclic lateral load was applied through a load 
frame pin-connected to the pile heads at a height of 0.86 m above the ground 
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surface. It was found that the group effect was quite significant in pre-
liquefaction stage but relatively insignificant after liquefaction. It was also 
found that the pile bending moment response and load distributions of group 
piles were found much larger in fully liquefied sand than that without 
liquefaction. 
       As one part of NEES (Network for Earthquake Engineering Simulation) 
collaborative research project to study the dynamic response of soil-
foundation-structure-interaction, Black (2005) and Agarwal et al. (2006) 
performed a series of dynamic field tests on two two-pile-supported bents 
constructed in a test site located in southeast Austin. Two series of tests were 
performed. The equipment used included the large NEES triaxial shaker 
(named T-Rex, as shown in Figure 2.1) to induce harmonic motion in the 
ground and the small NEES uniaxial shaker (named Thumper, as shown in 
Figure 2.3) which was mounted at the mid-span of the beam to excite the 
cyclic load at the bent top.  The acceleration response at the bent top subjected 
to different dynamic events was the research focus. Test results showed that 
the reinforced concrete pile responded linearly during all the tests while the 
response of the surrounding soil was nonlinear. 
Manna and Baidya (2010) conducted a field investigation to study the 
dynamic response of single pile and pile groups subjected to strong coupled 
horizontal and rocking loading on a pile cap (Figure 2.4). It was found that 
both the stiffness and damping of the pile group system increased with the 
increasing pile spacing and decreased as excitation level increased. In addition, 
the embedment of the pile cap and pile-soil-pile interaction effects were also 
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found to have significant influence on the damping and dynamic stiffness of 
the pile group. 
The dynamic response of driven steel tube pile groups (3×5) in soft clay 
was investigated by Hussein et al. (2010). The dynamic loading, applied 495 
mm above the ground surface through a loading frame pin-connected with the 
pile heads, was actuated by a Statnamic device.  Pile-soil separation was 
observed, Figure 2.5, and was found to be a crucial factor when performing 
numerical calculation using a 2-D finite element program FLIP. It was shown 
that the numerical simulation tended to underestimate both the pile deflections 
and bending moments if the pile-soil separation effect was not considered. 
It is noted that the single piles or pile groups in the field tests reported 
above involved some form of controlled excitations at the pile head or pile cap 
or shallow blasting or near-field forced ground shaking.  Strictly speaking, this 
is not the same as the loading imposed upon the pile due to the seismic shear 
waves propagating upward from the bedrock during an earthquake event.  
Also, most of the tests, with the exception of Rollins et al. (2005a, 2005b) and 
Hussein et al. (2010), focused mainly on the dynamic stiffness and frequency 
response of the piles and pile-caps, and not on the bending moments.    
Meymand (1998) also noted that, under field conditions, simulation of 
earthquake loadings on a prototype soil-pile system is not realistic due to the 
fact that the energy needed to excite the soil mass is too huge to be applied. 
Although some good results have been obtained from dynamic pile load tests 
in the field, it is difficult to interpret or extrapolate these results to obtain the 
pile response under realistic seismic loadings.  
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2.1.2 1-g Shaking Table Test 
1-g shaking table test is an alternative experimental approach to study the 
dynamic response of pile foundations subjected to seismic loading. However, 
1-g shaking table tests typically cannot replicate prototype stress conditions in 
the reduced scale model.  This implies that, strictly speaking, the 1-g shaking 
table test should not be carried out using the prototype soil, but should use a 
replacement soil satisfying the scaling relations given in Table 2.1 by 
Meymand (1998).  However, it is generally difficult to obtain an appropriate 
replacement soil for 1-g laboratory testing.  Hence there may still be 
considerable discrepancies between the response of soil under 1-g shaking 
table test and realistic earthquake loading.  Besides, if the soil is clayey 
material, the consolidation time involved could be too long (up to several 
years) to be affordable. 
Currently, most of the reported shaking table tests were focused on the 
dynamic interaction between pile and sandy soils (e.g. Mizuno et al., 1984, 
2000; Gohl, 1991;Yahata et al., 2001; Yao et al., 2004; Tokimatsu et al., 2005; 
Dungca et al., 2006; Chau et al., 2009; Motamed et al., 2010). Some of these 
are reviewed below.  
Gohl (1991) conducted a series of 1-g shaking table tests on single pile, 
2×1 and 2×2 pile groups embedded in loose and dense dry sands. For 2×1 and 
2×2 pile groups, significant pile-to-pile interaction was observed if the piles 
were arrayed along the shaking direction with a pile-to-pile spacing of 3 pile 
diameters, but could be neglected if pile spacing is larger than 6 pile diameters.  
It should be noted that pore pressure build-up or even liquefaction effect 
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during the seismic shakings was not taken into consideration as dry sands were 
used. 
Tokimatsu et al., (2005) reported results of a series of  large shaking table 
tests on a 2×2 hollow steel pile group (165.2 mm in diameter and 3.7 mm in 
wall thickness) embedded in dry and saturated sands, respectively. They 
pointed out that the pile bending moment response was influenced by the 
natural period of the superstructure, i.e. a smaller natural period of 
superstructure (compared with the natural period of the underneath soil) leads 
to larger bending moment. The measured bending moments of the piles were 
also found to be in good agreement with those predicted by pseudo static 
analysis.  
Yao et al. (2004) also conducted a series of large-scale shaking table tests 
on a 2×2 pile group embedded in liquefiable sands. They observed that the 
predominant period of the pile-superstructure system became longer as the soil 
liquefied. It was also found that the maximum bending moment could occur at 
a depth much lower than the pile head although the piles were rigidly fixed to 
the pile head when the soil liquefied. 
Dungca et al. (2006) carried out shaking table tests on a single pile 
embedded in liquefiable soils. In this study the single pile was put into place 
horizontally; this is not the same as the usual vertically installed pile. It was 
also reported that the lateral resistance of pile increased with the vibration rate.   
Chau et al. (2009) reported shaking table results of a soil-pile-structure 
model subjected to both sinusoidal and scaled 1940 EI Centro earthquakes. 
The model consisted of a 2×2 pile group embedded in liquefiable soils. The 
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experiment focused on the acceleration response of both the pile and 
superstructure.  It was observed that the accelerations measured at the pile cap 
can be three times larger than that of the superstructure. The shaking table test 
was well simulated by a 2-D finite element model with nonlinear gap elements 
using SAP 2000.  
On the other hand, there are comparatively fewer reported studies on the 
use of shaking table tests to study the dynamic response of piles embedded in 
soft clays.  One significant work in this area was carried out by Meymand 
(1998), who conducted a series of large scale 1g shaking table tests to study 
the seismic interaction of soft clay-pile-superstructure subjected to a strong 
earthquake with a peak acceleration of 0.45 g and a short-duration of 12 s.  A 
specialized flexible circular wall was developed to ensure that the soil moves 
in phase with the free field as shown in Figure 2.6. In addition, the response of 
single piles and piles in 3×3 pile groups under static lateral, lateral impact, 
forced vibration, axial static, and cyclic axial loadings were also investigated 
in this study. However, the possible seismic possible group effect on the pile 
bending moment response was not analyzed in the study. Besides, a large 
preload was applied to speed up the consolidation before the shaking test 
phase, which could give rise to difficulty in defining the soil stress state during 
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2.1.3 Centrifuge Test 
In centrifuge earthquake model testing, the stress conditions in the field 
are replicated by spinning a small model sample under a high acceleration 
level. The basic scaling relations in centrifuge testing are shown in Table 2.2.  
As in the 1-g shaking table test, the majority of the published earthquake-
related centrifuge experiments have been conducted to study the liquefaction 
phenomenon in sandy soils and the resulting response of piles embedded in 
such soils.  Centrifuge experiments involving soil-pile interaction in soft clays 
appear to be less commonly carried out.   
Gohl (1991) compared the results of centrifuge tests conducted under 60-
g model gravity with 1-g shaking table results on single pile, 2×1 and 2×2 pile 
groups embedded in loose and dense dry sands. Both centrifuge and 1-g 
shaking table test results indicated similar trends, namely (1) pile-pile 
interaction effect exists if piles are aligned in line or in 45 degree with the 
shaking direction, with the pile spacing less than 6 times pile diameter; (2) pile 
interaction effect could be neglected if the piles are aligned out of line with the 
shaking direction, with pile spacing larger than 3 pile diameters. Pile bending 
moment response from centrifuge tests were found to be generally smaller 
than that from 1-g shaking table tests due to the scaling effects. However, the 
test results were only restricted to pile foundations embedded in dry sand. 
Moreover, specific scale relations between the materials used in 1-g shaking 
table and centrifuge tests were not fully explained, which may result in 
difficulty in comparing experimental results between 1-g and centrifuge tests. 
Wilson et al. (1998, 2000), Boulanger et al. (1999) and Curras et al. 
(2001) reported results of centrifuge tests on the dynamic response of single 
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piles embedded in a two-layer soil system comprising a top soft clay layer 
overlying liquefiable sand. A total of nine earthquake events were applied to 
different structures supported separately by single piles, 2×2 pile-groups, and 
3×3 pile-groups.  The instrumentation include LVDTs, pore pressure 
transducers, accelerometers and bending strain gauges as shown in Figures 2.7 
and 2.8. The soil-pile interaction was expressed in the form of p-y curves 
back–calculated from the measured bending moments of the instrumented 
piles.  
        Brandenberg et al. (2005) and Chang (2007) reported results of a series of 
centrifuge experiments to study the seismic response of single piles and piles 
in a 6-pile group embedded in soils consisting of a nonliquefiable crust over 
liquefiable loose sand over dense sand. Similarly, they back-calculated the p-y 
curves from the measured moments along the instrumented piles.  
         Abdoun et al. (2002, 2003) and Dobry et al. (2003) reported results of a 
series of centrifuge tests on pile dynamic response with single piles and pile 
groups embedded in liquefiable soils and slightly cemented sands (non-
liquefiable soil), as shown in Figure 2.9. They noted that the maximum 
bending moment in the pile occurred at the interface between the liquefied and 
non-liquefied soils.  A simplified method of predicting the maximum bending 
moment in the pile due to liquefaction-induced lateral spread was proposed. 
Zhang et al. (2008) conducted a series of centrifuge tests to study the 
dynamic behavior of pile groups with both vertical and inclined piles 
embedded in loose and dense dry sands, respectively. Test results suggested 
that using inclined piles and loose sand (lower density) tended to decrease the 
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acceleration response of the superstructure. Pile bending moments and axial 
forces measured from the centrifuge tests were noted to compare well with the 
results of finite element analysis.  
As part of the NEES (Network for Earthquake Engineering Simulation) 
collaborative research project to study the dynamic response of soil-
foundation-structure interaction, Ilankatharan (2008) performed three dynamic 
centrifuge tests on soil-pile-bridge systems using the 9-m radius NEES 
geotechnical centrifuge at UC Davis. The sand used was dry Nevada sand at 
80% relative density.  Several pile-structure systems involving single-pile bent, 
two-pile bent and 2-span model bridge were employed in the centrifuge tests, 
with base excitations applied using scaled motions from the 1994 Northridge 
earthquakes. Some factors such as the bent orientation angle (with respect to 
the shaking direction), weight of the superstructure (affixed on top of bent), 
and earthquake shaking intensity were studied.  However, the acceleration 
measurements might have been subjected to disturbance from nearby 
structural models as there were 5 to 6 pile-bent structures in each centrifuge 
container.  
Li (2010) performed a series of centrifuge model tests to investigate the 
dynamic response of single piles and 2×2 pile groups subjected to (i) cyclic 
loadings at the pile cap and (ii) earthquake loadings, with emphasis on the 
lateral dynamic response of the pile groups. The piles were steel tubular piles, 
spaced at 4 times the pile diameter and, jacked into dry dense sand with three 
different methods.  The lateral load-displacement curves of the pile-cap were 
noted to degrade with increasing number of load cycles.  Also, the lateral load-
displacement curves and dynamic response for each pile were found to be 
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influenced by the pile position in the group.  In addition, two earthquakes, one 
with peak acceleration of less than 0.1 g and another with peak acceleration of 
more than 0.2 g, were applied in the experiments to investigate the seismic 
lateral and vertical response of the pile group. The acceleration amplification 
factors at the ground surface and pile cap were found to be larger when the 
model was subjected to the small earthquakes, with reported peak 
amplification factors of 4 and 2.5 under the small and large earthquakes, 
respectively.  
The above review shows that most of the reported centrifuge studies 
involved single piles or small pile groups installed in liquefiable sandy soils or 
sand-clay layers. The published literature on centrifuge testing with single 
piles or pile group response in soft clayey soils is quite scant.  As discussed 
earlier in Chapter 1, this was one of the motivations behind the research 
program undertaken at NUS to study soil-pile-raft interaction in clayey soils.  
The work by Banerjee (2009, 2014), which was discussed in Section 1.3, is 
significant in this respect.    
Banerjee (2009) conducted a series of centrifuge tests to study the 
dynamic response of pile-raft systems in soft kaolin clay subjected to short-
duration far-field ground motions. By applying different peak ground 
accelerations from three scaled ground motions with identical frequency 
spectrum, and using model piles fabricated with different materials, the 
bending moment distribution along a single pile and acceleration response at 
the clay surface and raft were studied in detail. Ma (2010) also conducted 
similar soil-pile-raft interaction studies as Banerjee (2009), except that the 
piles used were more flexible. 
Chapter 2 Literature Review 
31 
 
Although centrifuge testing has been widely employed to investigate 
seismic pile-soil interaction effects, the relevant studies involving soft clays 
are still relatively few, e.g. Wilson et al. (1998), Banerjee (2009), and Ma 
(2010).  These previous studies also involve short-duration earthquakes with 
duration typically less than 30 seconds.  The seismic interaction effects 
associated with pile groups installed in soft clayey soils, as well as the 
influence of longer duration earthquakes, which is a feature of earthquakes 
further afield, have still not been studied. 
 
2.1.4 Simplified Analytical Methods 
(1) Beam on Dynamic Winkler Foundation Model 
The beam-on-dynamic-Winkler-foundation model (as schematically 
shown in Figure 2.10), also denoted as the dynamic p-y method, is a popular 
simplified analytical approach used to study dynamic pile-soil interaction. 
This method assumes each soil layer responds independently and the pile is 
modeled as a series of beams connected to the soil through springs and 
dashpots.  However, the results obtained using this method are highly 
dependent on the p-y curves assigned to the soil springs, which are not 
intrinsic soil properties and have to be back-calculated from the measured pile 
response.   
Makris et al. (1997) employed the Winkler foundation model to estimate 
the dynamic response of single piles in sand.  They found that the predicted 
pile displacements were satisfactory while the predicted bending moments 
were underestimated compared to the measured results.     
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Nikolaou et al. (2001) utilized the beam-on-dynamic-Winkler-foundation 
(BDWF) method to study the seismic response of single piles in layered soils. 
It was shown that the magnitude of the kinematic bending moment depends 
mainly on the stiffness contrast between the soil layers, the pile-soil stiffness 
ratio, the connections between piles and substructure, the excitation frequency 
and the number of excitation cycles. Rovithis et al. (2009) also utilized a 
similar approach, based on experimental p-y loops, to analyze seismic soil-pile 
interaction. 
Kazuo et al. (2003) and Tahghighi et al. (2007) employed a beam-on-
dynamic-Winkler-foundation (BDWF) method to study soil-pile group 
interaction under lateral loadings. The pile group was simplified as an 
equivalent single upright beam, which represented a composite of the piles and 
the soil entrapped within piles.  
Based on the Winkler foundation model, El Naggar et al. (1995, 2004) 
divided the soil around the pile into two regions, i.e. a nonlinear inner field 
adjacent to the pile and a linear region for the outer field. The inner field was 
modeled using nonlinear springs and dashpots and the outer field was modeled 
by linear springs and dashpots.  Interface conditions which simulate the 
motion discontinuity between pile and soil were also considered.  Their results 
indicated that the natural frequency of the superstructure (tower) decreases due 
to the nonlinear behavior of the soil and effect of pile-soil interaction.  
Takewaki et al. (2005) also utilized dynamic Winkler-type soil elements 
to analyze  pile-group effects on the seismic response of the superstructure. It 
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was shown that the presence of pile group effect results in an increase of the 
pile bending moment at the pile head.  
The simplified beam-on-Winkler model was also combined with a three 
dimensional finite element model to study the kinematic interaction of pile 
groups in layered soils by Dezi et al. (2009, 2010a). Using this method, a 
comprehensive parametric study for the kinematic bending moments of single 
piles embedded in layered soils under seismic loadings was carried out.  
Similarly, a series of finite element analysis using GeoFEAP with nonlinear p-
y elements was reported by Boulanger et al. (1999) and Curras et al. (2001). 
The calculated results agreed well with the data from centrifuge tests on the 
seismic response of pile-group-supported structure, with an average difference 
between computed and measured peak pile bending moments less than 20%. A 
similar work was also done by Shin (2007). Based on the framework of 
OpenSees, Shin employed dynamic nonlinear p-y method to model the pile-
soil interaction when simulating the response of a bridge system subjected to 
seismic loadings. More recent studies using similar approaches include  Sica et 
al. (2011) Yang et al. (2011), Murono (2011), Varun and Assimaki (2012) and 
Haeri et al. (2012). 
 
(2)  Pseudo-Static Method(Simplified Substructure Method) 
This method divides the pile-soil-structure system into separate parts, so 
that the whole system is not analyzed simultaneously but in sequence.  To 
evaluate the dynamic response of superstructure one needs to know only the 
ground acceleration of interest, which can be derived from the kinematic 
analysis of pile foundation. On the other hand, to study dynamic pile-soil 
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interaction, the load from superstructure may be considered as a pseudo-static 
load evaluated as the product of the mass of the superstructure and the 
peak/spectral ground acceleration. Castelli et al. (2009) utilized the pseudo-
static approach to study the seismic response of a pile foundation. The free-
field ground displacements arising from the earthquake bedrock motion are 
firstly obtained from 1-D ground motion analysis such as SHAKE. These are 
then applied to the free-field end of the soil springs as prescribed 
displacements.  The static horizontal loading at the pile head was obtained as 
the product of the mass of superstructure and the spectral ground acceleration.  
Kinematic pile-soil interaction is evaluated in two stages. The 
displacement response of the soil is first obtained or estimated without the 
presence of piles. The effects of the soil displacements on the piles are then 
analyzed using a simplified analytical approach such as the static p-y method.  
Such a pseudostatic approach for determining the shear force and bending 
moment response of single piles subjected to seismic loading was 
implemented by Tabesh and Poulos (2001) and Liyanapathirana and Poulos 
(2005) . 
Based on the linear Winkler model and the static equivalent approach a 
series of expressions were proposed by Dezi et al. (2010b) to estimate the 
kinematic interaction for a single pile embedded in layered soils. It should be 
noted that this method may lead to considerable errors if the pile is very stiff 
(or soil is comparatively very soft) or if there are gaps generated between the 
soil and piles during the seismic event. This is because the method assumes 
that piles follow the soil movement completely and no inertial interaction 
takes places. As this method simply sums up the maximum kinematic forces 
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from the surrounding soils and the maximum inertial loads from the 
superstructure to pile foundation, the shear and bending moment response of 
piles could be overestimated (Tabesh and Poulos, 2001). Other more recent 
studies using such an approach include Son et al. (2010), Elahi et al. (2010), 
Bradley et al. (2011) and Valsamis et al. (2012). 
 
2.1.5 Numerical Simulations Using FEM, FDM and BEM 
To date, many numerical studies have been conducted on the dynamic 
response of pile foundations. The commonly used numerical approaches 
include the finite element method (FEM), the boundary element method (BEM) 
and the finite difference method (FDM). Some of the studies are highlighted in 
this section.  
      Cai et al. (2000) performed three-dimensional finite element analysis of 
soil-pile-structure systems with a nonlinear plasticity-based constitutive model 
for soils.  The whole system was divided into two subsystems, i.e. a structure 
subsystem and a pile-soil subsystem. A coupling scheme was implemented to 
account for both inertial and kinematic effects to the piles simultaneously.   
        Maheshwari et al. (2004a) also conducted three-dimensional finite 
element analysis using a Fortran program 3dNDPILE to investigate the 
seismic acceleration response of a soil-pile-superstructure system, accounting 
for material nonlinearity by incorporating an advanced plasticity-based soil 
model HiSS. It was found that the soil nonlinearity increased the pile-cap and 
structural acceleration response within the range of low frequencies associated 
with the seismic loading, while pile group effect decreased the pile-cap and 
structural acceleration response regardless of the frequency range.  Using the 
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same program and soil model, Maheshwari et al. (2004b) also analyzed pile 
groups subjected to lateral transient and seismic excitations. It was found that 
the dynamic stiffness of pile group could be reduced due to the nonlinearity of 
the soil behavior. The effect of separation between soil and pile was 
considered in this study, and it was pointed out that the effect of separation 
could be neglected if the soil plasticity was considered. 
In addition to the dynamic response of vertically installed piles, the 
dynamic behavior of inclined piles was also studied using three-dimensional 
FEM analysis by Sadek et al. (2004).  
Lu (2006) employed a parallel finite element program to analyze a pile-
supported wharf system subjected to seismic loadings.  There were 16 piles 
distributed in 6 rows embedded in a two-layer soil (upper soft clay underlain 
by stiff clay) system in the numerical model and the soil was modeled as a 
nonlinear hysteretic material with a Von Mises multi-surface kinematic 
plasticity model.  However, the computed results only focused on the 
displacement and acceleration response at selected locations. The shear force 
and bending moment of the piles were not directly obtained but instead re-
calculated using other software such as SAP 2000. 
Uzuoka et al. (2008) and Cubrinovski et al. (2008) used 3-D soil-water 
coupled codes DIANA-J and LIQCA to predict the response of pile groups to 
lateral spreading induced by shaking in the directions along and perpendicular 
to the ground flow, respectively. The calculated results (including bending 
moments, shear forces and earth pressures along piles) agreed well with the 
measured results except that pile displacements were underestimated.  
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Ayothiraman and Prakash (2009, 2010) performed a series of 3D finite 
element analyses in the finite element program ANSYS to investigate the 
effect of pile diameter on the dynamic response of single piles embedded in 
soft soils. In the 3D finite element model, a series of springs and dashpots 
were attached to the truncated boundaries to simulate the infinite soil medium.   
It was found that the dynamic responses of the pile (deflection, bending 
moment, effective pile length) tend to increase with increasing pile diameter, 
when the pile Young’s modulus and density are kept constant in their analyses. 
Cheng et al. (2009) carried out 3-D finite element analysis to study the 
dynamic response of single piles in liquefiable soil. The numerical simulation 
employs a coupled soil skeleton-pore fluid model, which can model the 
variation of pore pressure as well as the fabric change of the soil skeleton.  
        Maiorano et al. (2009) studied the kinematic response of piled 
foundations under seismic excitation using a quasi-three-dimensional  
dynamic finite element program VERSAT-P3D version. This program uses a 
simplified three-dimensional wave equation for describing the dynamic 
response of the soil and is an enhancement of quasi-3D finite element methods 
developed by Wu and Finn (1997a and 1997b).  They reported that the pile 
kinematic group effect can be neglected in the case of small-sized (3×3) pile 
groups embedded in linear elastic soils. A correlation for the maximum 
bending moment at the interface between two different soil layers was derived 
by parametric studies based on the numerical simulation results. 
        Using the software ANSYS, Rovithis et al. (2009) conducted a three-
dimensional finite element simulation for a single-degree-of-freedom (SDOF) 
structure over a single pile embedded in an elastic homogeneous soil layer. 
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Based on the calculation results, it was reported that the dynamic bending 
moment of the pile was significantly influenced by the kinematic effect due to 
the surrounding soils.  
Bradley et al. (2009) used the finite element code DIANA-J to conduct a 
parametric study for correlating the ground motion intensity to the dynamic 
response of pile foundations. It was reported that the velocity-based intensity 
measurements are the most efficient way for predicting the pile head 
displacement response.  
Based on a quasi-3D continuum method, nonlinear total and effective 
stress analyses of pile foundations under earthquake excitation were carried 
out by Thavaraj et al. (2010) using the computer programs PILE3D and 
PILE3D-EFF, respectively. By comparing with centrifuge test data from 
Wilson (1998), it was noted that the acceleration response of pile-caps and 
bending moment response of single piles and individual piles in a 2×2 pile 
group in dry sand and liquefiable soil could be well replicated by PILE3D and 
PILE3D-EFF, respectively.  
Using the OpenSees framework, a three-dimensional finite element 
numerical simulation was carried out by Jeremić et al. (2009) to investigate  
soil-foundation-structure interaction in stiff and soft soils. The computed 
response of the bridge built on soft clay was found to be less severe than that 
founded on stiff soil.  This is contrary to conventional expectations that a 
superstructure founded in soft soils is more prone to damage.    
Banerjee (2009) carried out a series of 3-D finite element analysis to 
model the seismic centrifuge tests which he had performed involving the 
Chapter 2 Literature Review 
39 
 
single pile with raft installed in a kaolin clay bed.  The numerical analyses, 
utilized a hyperbolic-hysteretic model to model the dynamic behavior of 
kaolin clay. The numerical simulations agreed well with the centrifuge test 
results. The computed results from additional parametric studies were used to 
develop a semi-empirical correlation for predicting the maximum bending 
moment in a single pile. 
De Sanctis et al. (2010) carried out finite element analysis to evaluate the 
kinematic bending moment at pile heads. It was reported that the maximum 
bending moment at the pile head is independent of pile length if the pile length 
is longer than the active pile length.  The active pile length is the length 
beyond which the pile behaves as if it is infinitely long. In addition, a linear 
function relating the maximum kinematic bending moment at the pile head to 
the maximum acceleration of the free field was also derived.  
Rahmani and Pak (2012)  conducted three-dimensional dynamic analysis 
to investigate the dynamic behavior of pile foundations in liquefied ground. 
The pile was modeled using beam elements, while a critical state bounding 
surface plasticity soil model with a coupled formulation was adopted to 
analyze soil displacements and pore water pressures. The computed results 
(including the accelerations of the superstructure, excess pore pressures at 
selected depths and pile bending moments) compared favorably with the 
centrifuge test results performed by Wilson (1998). 
Zhao (2013) developed a parallel finite element code for very large soil-
structure interaction problems incorporating the hyperbolic-hysteretic soil 
model proposed by Banerjee (2009). The code was modified from the 
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geotechnical software GeoFEA. Very large scale finite element analyses 
involving pile groups with a maximum size of 9×21 were conducted.  The 
focus of his studies was the pile bending moment response in soft clayey soils. 
Based on his parametric studies, he proposed semi-empirical correlations to 
predict the maximum seismic pile bending moments at the pile head and at the 
interface between the upper soft and lower stiff soils. 
Besides the finite element method, the boundary element method has also 
been used to study soil-pile interaction effects. An early example of the 
boundary element analysis of pile foundations was performed by Wolf et al. 
(1984) to investigate the dynamic stiffness of pile foundations. Maeso et al. 
(2005) employed a 3-D frequency domain boundary element method to 
investigate the dynamic impedances of piles embedded in a two-phase 
poroelastic soil. 
Padron et al. (2007, 2008 and 2009) developed a BEM-FEM coupling 
method for the dynamic response analysis of pile-soil interaction. The piles 
were modeled using finite elements (beam elements) while the soil was 
modeled using boundary elements. It was suggested that this coupling method 
has better computational efficiency than the conventional finite element 
method but is likely to be restricted to linear soil behaviour. Uzuoka et al. 
(2007) also used the 3-D BEM-FEM coupling method to study the dynamic 
behavior of pile groups in liquefied ground.  
Taherzadeh et al. (2009) derived several simple formulae which can be 
used to calculate the stiffness of pile groups under dynamic loading using a 
coupled FEM-BEM model.  
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The finite difference method has also been employed to study pile 
response to dynamic loading.  Klar et al. (2002) used the finite difference 
software FLAC to evaluate the soil-pile interaction of single piles and pile 
groups subjected to lateral dynamic loading. Afterwards, Klar et al. (2004) 
also used FLAC to study the influence of flow mechanisms on the seismic 
response of single piles in liquefiable soil. The same software FLAC was also 
employed by Haldar et al. (2010) to perform a series of parametric studies 
through a two-dimensional plain strain model to investigate the failure 
mechanism of pile foundations in liquefiable soil under seismic loads.   
Huang et al. (2004) adopted a FEM-FDM hybrid scheme for three 
dimensional numerical simulation of pile-soil seismic interaction in saturated 
deposits with liquefiable sand and soft clay layers (Figure 2.11). In their model, 
the finite element method was used to account for the deformation and stress 
variation of the soil skeleton while the finite difference method was employed 
to discretize the pore pressure. The sand and soft clay layers were modelled 
using cyclic elasto-plastic and cyclic elasto-viscoplastic constitutive models, 
respectively. Their results indicated that the inner pile experienced a much 
higher bending moment due to the uneven inertial forces transferred to the pile 
foundation, even though the footing was modeled with significantly higher 
rigidity than the surrounding soil. 
 
2.2 Pile Group Effect  
       To date, most of the dynamic pile-soil interaction studies, whether 
analytical or experimental, are restricted to the single pile or small pile groups.  
Also, the analytical techniques used for pile groups are similar to those used 
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for single piles.  Early investigations into the behavior of pile groups were 
initiated by Poulos (1968, 1971) and focused on the static aspects of the 
problem. Subsequently, Wolf and Von Arx (1978) and Nogami (1979) 
extended the Poulos methodology of static pile group analysis to the dynamic 
analysis of pile groups. More recently, some researchers such as Gazetas et al. 
(1993), Mylonakis and Gazetas (1999) and Ghasemzadeh and Alibeikloo 
(2011) also proposed new analytical methods to account for the pile 
interaction factors for pile groups subjected to dynamic loadings. A popular 
and commonly used approach for characterizing the dynamic response of pile 
groups is to utilize the single pile response as a baseline reference, and then 
account for group effects by means of interaction factors (or reduction factors). 
To this end, based on the Winkler soil-pile framework, a parameter called the 
p-multiplier (e.g. Brown et al., 1988; Rollins et al., 2005b; Haeri et al., 2012) 
has been widely employed to approximately account for the pile group effect, 
in which the multiplier is used to scale the p-y curve associated with the single 
pile response. Some of the relevant studies involving pile group effect are 
highlighted below. 
Brown et al. (1990) used the finite element program ABAQUS to 
numerically investigate the response of a pile group subjected to static lateral 
loading.  It was found that group effects are significantly influenced by row 
position and pile spacing. Similarly, Yang et al. (2003) studied the factors 
influencing static group effect for 3×3 and 4×3 pile groups in sands using the 
OpenSees finite element framework. It was reported that pile interaction factor 
depended on both the pile location in the group and loading level.  
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On the basis of dynamic Winkler formulation and consideration of wave 
propagation and reflection/refraction by adjacent piles, pile-soil-pile 
interaction was analytically and numerically investigated by Mylonakis et al. 
(1999). A series of curves relating the lateral interaction factors to the soil 
modulus for a two-pile group with different spacings were obtained. The soil 
was assumed to behave linearly and elastically under cyclic loading applied at 
the pile raft.  Hence, the conclusions may not be applicable to highly nonlinear 
soils such as soft clays.  
       Using the Beam-on-Dynamic-Winkler-Foundation simplified model, 
Gazetas et al. (1993) performed a study on the seismic response of pile groups 
with different configurations. Their study examined the effect of pile group 
configuration on the dynamic impedance of pile foundations subjected to 
seismic loading. It was found that the pile group effect is more pronounced as 
the number of piles increases, and that using dynamic pile interaction factors 
leads to more reasonable results compared to using static pile interaction 
factors.  
An analytical model to explore the pile group’s nonlinear lateral response 
to transient dynamic and harmonic loadings was presented by El Naggar et al. 
(1996). Based on the dynamic Winkler model, the soil around the pile group 
was divided into an inner field and a far field, in which the soil behaves 
nonlinearly and linearly, respectively. This model accounts for nonlinear soil 
behavior, discontinuity conditions and group effects. However, it is derived on 
the basis of 2-D simplifications of the pile-soil contact and pile-pile interaction, 
which may induce considerable errors when the size of the pile group is quite 
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large. In addition, some parameters such as soil spring stiffness and damping 
factors are not easily determined. 
       As discussed earlier under field testing, Burr et al. (1994, 1997) reported 
results of two site investigations (one site comprises stiff cohesive soil,  while 
the other is mainly soft clay) to study the dynamic response of a 2×2 pile 
group, with the dynamic load triggered by a vibrator positioned on top of a 
lead mass affixed on the pile cap. A simple linear elastic theoretical model was 
also established for comparison with the field test results. Their results 
indicated that the group effect can be negligible if the s/d (pile distance/pile 
diameter) ratio is larger than 12 for stiff cohesive soil and 16 for soft clay. 
However, this study only considered the response of the pile group as an 
integrated system, and the influence of the s/d ratio on the dynamic response 
of individual piles in the pile group was not studied.    
A series of centrifuge model tests was conducted by Ilyas et al. (2004) to 
examine the behavior of lateral statically loaded pile groups in normally 
consolidated and overconsolidated kaolin clay (Figure 2.12). The tests 
illustrated the shadowing effect in which the front piles experience larger 
loads and bending moments than those in the trailing piles.  Their results also 
indicated that the pile group efficiency reduced significantly with increasing 
number of piles in a group.  
Lateral dynamic response of pile groups in sand were investigated by 
Rollins et al. (2005a, 2005b).  Piles in the 3×3 pile group have a nominal 
spacing of 3.3 pile diameters in both directions, and the cyclic lateral load was 
applied via a load frame pin-connected with the pile heads at a height of 
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0.86m above the ground surface. It was shown that piles in different rows or at 
different positions in the same row have different load distributions and 
bending moment responses, which illustrates the presence of group effect.  
Rollins et al. (2006) performed a series of full-scale model tests to study the 
response of pile groups in clay,  in which the static load was applied at the pile 
cap through a loading frame. The pile groups include 3×3, 3×4, and 3×5 
arrangements, with respective pile spacings of 5.65, 4.4 and 3.3 pile diameters 
along the loading direction and with the same transverse spacing of 3.3 pile 
diameters. They reported that static group interaction effects decreased 
considerably with the pile spacing, and that the lateral pile resistance was 
dependent on the row location rather than the location within a row.  
Manna and Baidya (2010) conducted field tests to study the dynamic 
response of pile groups subjected to strong coupled horizontal and rocking 
vibrations applied at the pile cap. It was found that the stiffness and damping 
of the pile group system increase as the pile spacing to diameter (s/d) ratio 
increases.  In addition, embedment of the pile cap and pile-soil-pile interaction 
also have significant influence on the damping and dynamic stiffness of the 
pile group.  However, the dynamic response of individual piles within the 
group was not specifically investigated, and hence pile group effect was not 
analyzed. 
Chandrasekaran et al. (2010a, 2010b) conducted a series of 1-g 
experimental investigations on the behavior of pile groups in soft marine clays 
under both static and lateral cyclic loadings applied at the pile cap.  It was 
found that the group effect can be neglected for pile spacing to diameter ratios 
larger than 9, and piles in the frontal and rear row experience larger bending 
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moments while the bending moments of piles in the middle row are smaller 
due to the shadowing effect. Besides, it was also reported that the behavior of 
piles under static and cyclic loadings can be quite different.  
As reported above, there are numerous studies that have been carried out 
to investigate both static and dynamic pile group effects. However, most 
experiments were conducted using static and cyclic loadings applied at the pile 
head or pile cap, which mainly account for the loading effects from the 
superstructure.  In comparison, there are much fewer studies on pile group 
effects associated with seismic loading on foundation systems, such as that 
caused by the upward propagation of shear waves from the bedrock, where 
shear waves originate from the bedrock. 
 
2.3 Concluding Remarks 
This chapter highlights and reviews the previous studies, related to 
dynamic soil-pile interaction and dynamic pile group effect, from which the 
following points are noted: 
(1) Currently, field dynamic pile tests are generally conducted by applying 
cyclic vertical or lateral loadings at the pile head or pile cap.  This is 
adopted for practical and economic reasons, as the application of realistic 
earthquake loadings for a prototype pile-soil system is not easily 
achievable due to the tremendous amount of input energy required 
(Meymand, 1998).  Due to the different loading mechanisms, it is difficult 
to correlate the results from such field dynamic tests to the response of 
piles under earthquake loadings.  
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(2) Centrifuge tests and 1-g shaking table tests on seismic pile-soil interaction 
involving soft clays are much less commonly reported than tests involving 
liquefaction.  The response of single piles subjected to comparatively 
short-duration earthquakes was studied by Wilson et al. (1998), Banerjee 
(2009) and Ma (2010). Meymand (1998) conducted a series of large-scale 
1-g shaking table tests to study the seismic interaction of a soft clay-pile-
superstructure system subjected to a strong input earthquake with a peak 
acceleration of 0.45 g and a short-duration of 12 s. However, dynamic pile 
group effect was not examined in these studies.  
(3) Group effects are known to have significant influence on the response of 
individual piles within a pile group. However, almost all the experimental 
investigations into dynamic pile group effects involved cyclic lateral 
loading applied at pile head or pile cap, such as Burr et al. (1994, 1997), 
Mylonakis et al. (1999), Rollins et al. (2006), Chandrasekaran et al. (2010a, 
2010b), and Manna and Baidya (2010).  While this may approximately 
account for the superstructure loadings, the kinematic effects from 
surrounding soils are not considered. 
(4) Pile-soil interaction is a highly complex and nonlinear phenomenon for 
which simple theoretical solutions are rarely available. To solve this 
problem, some simplified analytical methods have been proposed, such as 
the beam on dynamic Winkler foundation (dynamic p-y curve), and the 
pseudo-static method (simplified substructure method). Among these two 
simplified methods, the simplified substructure method tends to 
overestimate the bending moment and shear response of the pile (Tabesh 
and Poulos, 2001). The more widely used approach appears to be the beam 
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on dynamic Winkler foundation, which is derived on the basis of 2-D 
simplification of the complex 3-D soil-pile interaction problem. While this 
approach can lead to reasonable results, its performance is highly 
dependent on the p-y curves adopted for the analysis. 
(5) While there is a significant volume of published literature on the numerical 
modeling of dynamic soil-pile interaction problems, most of these works 
are related to liquefaction in loose sands and their effects on pile 
foundations (Klar et al., 2004; Cheng et al., 2009; Thavaraj et al., 2010). 
There are some analyses carried out for pile foundations in clayey soils, 
but these are usually performed to evaluate the dynamic performance of a 
given foundation system (Jeremić et al., 2009).  They do not generally 
focus on the fundamental mechanisms, such as the pile bending moment,  
affecting the seismic response of single piles and pile groups constructed 
in soft clayey soils.    
 
The above summary reveals that, to date, there is still limited research 
into the fundamental response of pile groups subjected to seismic loadings in 
soft clays, especially for cases involving pile group with strong pile to pile 
interaction. Besides, most of the previous experimental and numerical studies 
are associated with comparatively short-duration earthquakes. The response of 
such foundation systems to long-duration, low frequency earthquakes is still 
not well studied. 
This study examines the seismic response of pile groups embedded in 
soft soils subjected to both long- and short-duration far-field ground motions. 
It aims to address some of the existing knowledge gaps highlighted in this 
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chapter. It is hoped that the findings will provide valuable insights into the 
fundamental mechanisms underlying seismic soil-pile-raft interaction, and 
perhaps lead to specific suggestions and guidelines for practical pile 
foundation design and construction for seismic loadings. The issues which are 
examined in this study are as follows. 
(a) Free-field acceleration response of a clay bed in the absence of any 
structure 
       By studying the response of a pure kaolin clay bed (without any structure 
present) subjected to both short- and long-duration far-field ground motions, 
the corresponding free-field accelerations can be obtained, with particular 
emphasis on the ground amplification effect and resonance period. This is also 
intended to serve as a baseline reference for comparison between the free-field 
soil surface accelerations and those that develop on the raft when the structural 
system is present in the soil.  
(b) Raft acceleration and pile bending moment response  
        The raft accelerations and pile bending moment response for pile groups 
fully embedded in soft kaolin clay bed are investigated, by varying parameters 
such as ground motion duration and intensity, structural mass, pile-raft 
configuration and pile type. In particular, by incorporating the results from 
previous centrifuge tests performed by Banerjee (2009) and Ma (2010) on the 
seismic response of single piles fully embedded in soft kaolin clay, pile group 
size effects on raft acceleration and pile bending moment response are 
discussed. 
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(c) 3-D finite element modelling of seismic centrifuge test  
        In order to perform the 3-D numerical simulations involving seismic pile-
soil interaction more efficiently, an explicit VUMAT subroutine is developed 
and incorporated into the ABAQUS analysis based on the hyperbolic-
hysteresis soil constitutive model proposed by Banerjee (2009).  Finite 
element simulations using this explicit VUMAT subroutine are performed, the 
results from which are then compared with those obtained from the centrifuge 
test performed in this study.   
(d) Parametric study on maximum pile bending moment and peak raft 
(foundation-level) acceleration 
        An extensive suite of finite element simulations was performed as part of 
a parametric study to investigate the factors influencing the maximum pile 
bending moment and peak raft acceleration. The parameters varied include the 
pile length and stiffness, structural mass, peak bedrock acceleration, soil 
stiffness, soil strength, pile density, and thickness of soft soil layer. Based on 
the results of the parametric study, semi-empirical correlations are derived to 
predict the maximum pile bending moment and peak raft acceleration.   
 








Table 2.1 Scaling relations for primary variables under 1 g shaking table test 
 
*  is the ratio of prototype unit to model unit 
 
Table 2.2 Centrifuge scaling relations (Leung et al., 1991) 
Parameter                                            Relative parameter for centrifuge model at N g 
Linea dimension                                                                              1/N 
Area                                                                                                 1/N
2
 
Density                                                   1  
Mass                                             1/ N
3
 
Frequency                                        N 
Acceleration                               N 
Velocity                        1 
Displacement                       1/N 
Strain                         1 
Energy density                                             1 
Energy                                                                                              1/N
3
 
Stress                                                  1 
Force                                                                                             1/N
2
 
Time (Viscous flow)                                                   1 
Time (Dynamic)                                                                       1/N 
Time (Seepage and consolidation)    











































































Figure 2.4 Schematic diagram of coupled vibration test setup on small prototype pile 
(after Manna and Baidya, 2010) 
 
 





















Figure 2.7 Layout and instrumentation for single pile and pile group centrifuge 




Figure 2.8 Layout and instrumentation for a single pile centrifuge seismic test in sand 
(after Wilson et al., 2000) 






Figure 2.9 Schematic diagram of the centrifuge model for studying liquefaction-
induced lateral spread effects on a single pile embedded in a two-layer 




Figure 2.10 Beam on Winkler foundation model for dynamic pile analysis (after 
Liyanapathirana and Poulos, 2005) 
 
 










Figure 2.12 Centrifuge setup for laterally loaded pile group in kaolin clay (units in 
millimeters, after Ilyas et al., 2004)  










The centrifuge tests in this study were carried out using the centrifuge 
facility at the National University of Singapore. The NUS centrifuge has a 
radius of 2 m, a payload capacity of 40000 g-kg and a maximum working g-
level of 200 g (Lee et al., 1991).  As shown in Figures 3.1 and 3.2, the NUS 
centrifuge consists of a conical base, rotating arms, drive shaft, payload and 
counterweight buckets, among others. When the buckets are fully swung up, 
the distance between the rotation center and the platform of the payload bucket 
is about 2 m. 
    
3.2 Principles of Geotechnical Centrifuge Modeling 
 
The basic principle of centrifuge modelling is the replication of prototype 
soil behavior in a small model. Soil behavior is highly dependent on its stress 
level and stress history.  Stress conditions in the model placed under an 
appropriate high-g condition are the same as those in the field. The commonly 
used scaling relations are summarized in Table 2.2 (Leung et al., 1991), where 
N is the acceleration level (in terms of g) used in the centrifuge tests and also 
the linear scale ratio. 
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As shown in Table 2.2, the time scaling relations for different events are 
quite different. For example, the time needed for a dynamic event is 1/N that 
of the prototype, while the time required for a seepage and consolidation event 
is 1/N
2
 of the prototype time.  However, in geotechnical centrifuge dynamic 
tests, both of these phenomena may occur simultaneously, resulting in a 
conflict of scaling issue. 
To resolve this conflict, a pore fluid which is N times more viscous than 
water is commonly used; this being known as viscosity scaling. For example, 
Lee and Schofield (1988), Ng and Lee (2002) and Zhang et al. (2009) utilized 
silicone oil instead of water while performing dynamic centrifuge tests on 
sand models.  However, this approach is not suitable for clayey soils since 
water is needed to preserve the physic-chemical characteristics of the clay 
minerals (Chang, 2007). It is also not needed since prototype and model 
earthquake events are both likely to be undrained if the permeability of the soil 
used is sufficiently low. Viscosity scaling is only required if there is 
simultaneous generation and dissipation of pore pressure during the 
earthquake event. For the kaolin clay used in the experiments, there is unlikely 
to be significant dissipation of pore pressure during the earthquake itself.  
There is another issue which is related to scaling distortion caused by 
soils which have significant strain rate or soil viscosity effects. In such soils, 
viscous stresses will be exaggerated in the model which has a higher strain 
rate than the prototype. However, for the kaolin clay used in this study, 
Banerjee (2009) has shown that the damping characteristics are predominantly 
hysteretic in nature, and that the rate (or frequency) of loading does not 
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significantly affect the damping behavior.  Hence, errors arising from mis-
scaling of viscous damping in the soil skeleton are unlikely to be significant. 
 
3.3 Shake Table 
As shown in Figure 3.3, the shake table assembly consists of a laminar 
box seated on top of a sliding platform supported on linear bearings and driven 
by a hydraulic actuator controlled by twin servo-hydraulic valves. 
 
3.3.1 Laminar Box 
The laminar box comprises nine rectangular laminar rings each 38 mm 
high, stacked on top of one another. Each ring has inner dimensions of 526 
mm long by 300 mm wide by 310 mm high and is constructed from hollow 
aluminum alloy sections to minimize both the payload mass and the inertial 
loading imposed by the laminar rings onto the model clay bed. On the top and 
the bottom surfaces of each rectangular ring, 10 grooves, each 22 mm wide, 
1.25 mm deep and 80 mm long, were machined along the two long sides for 
the placement of bearings. Each linear bearing contains eight rollers. 
The laminar model container was mounted onto the aluminum alloy 
sliding platform which slides on another set of linear bearings.  The flexural 
stiffness of the platform was enhanced using ribbed construction on its 
underside.  The bearings were, in turn, mounted on top of a grillage 
constructed from welded stainless steel sections and machined to a fine 
tolerance.  The linear bearings were specially selected to provide enhanced 
resistance against rocking, yawing and pitching of the payload.   
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To prevent leakage, a rubber bag was placed inside the laminar box prior 
to sample preparation (Figure 3.4).  The rubber bag is made of a cotton fabric 
specially sewn to fit the inner dimensions of the laminar box and coated with 
several layers of dried latex.    
 
3.3.2 Shaking Apparatus 
The key components of the shaker are the sliding platform, servo-actuator, 
servo-valves and built-in displacement transducer (Figure 3.3).  The servo-
controlled actuator connected to the base plate drives the shaker based on the 
incoming control signal.  To minimize any rocking tendency and to maximize 
the stiffness along the path of force transfer, the actuator shaft was connected 
directly to the end of the sliding platform, thereby minimizing the vertical 
offset between the lines of action of the motion and inertial forces. The 
reaction mass used to develop the motion force is provided by the swing 
platform and the fixed base of the shaking table.  The mass of the moving 
payload is typically 200 kg or less, whereas the combined mass of the swing 
platform and fixed base is about 700 kg. 
The hydraulic power source, consisting of the two accumulators shown in 
Figure 3.3, is placed directly on the arm of the centrifuge. This obviates the 
need for high-pressure rotary joints whilst allowing an almost unlimited 
number of tests to be performed without having to stop the centrifuge.  In 
order to ensure sufficient energy supply for long-duration earthquakes, the two 
20-litre accumulators were designed and fabricated with a capacity of 20 litres 
each. The low-friction servo-actuator (Figure 3.3) is controlled by two 
Moog4679 servo-valves which maintain a relatively flat frequency response 
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up to about 100 Hz. At 50g model gravity, this translates to a prototype upper 
frequency limit of 2 Hz, which is well above the main frequency band of 
Singapore earthquakes.   
A digital-analogue (D-A) and analogue-digital (A-D) system installed 
with the software DasyLab ver. 3 was used to send in the earthquake input 
signal to excite the model, and to digitize transducer output data from the 
accelerometers and strain gauges.  The typical data sampling rate used was 5 
kHz.  Closed-loop control was implemented using the feedback from a built-in 
displacement transducer.   
     
3.4 Transducers 
           Accelerometers and pore pressure transducers (PPT) were used in the 
centrifuge tests for measurements of accelerations and pore pressures. The 
locations of the accelerometers and PPTs in a typical experiment are shown on 
Figure 3.5. The accelerometers used were PCB Piezotronics 352C66 quartz 
piezoelectric accelerometers (Figure 3.6), which have an operating frequency 
range of 1 to 10000 Hz.  Each accelerometer has a diameter of 7 mm, a height 
of 12.2 mm and a mass of 2 g.   In-house calibration of the accelerometers, 
performed using a calibrator and amplifiers, showed good agreement with the 
manufacturer’s specifications. The nominal calibration constant is 
approximately 100 mV/g.  
Banerjee (2009) initially encountered two difficulties when using these 
accelerometers.   First, it was found that the transducers could not work 
properly under high-g conditions due to short-circuiting caused by ingress of 
water.  Second, the density of the accelerometer is significantly higher than 
Chapter 3 Centrifuge Test Set-up and Specimen Preparation 
63 
 
that of the surrounding soil, causing it to sink into the soft clay. These 
problems were overcome by waterproofing each accelerometer with a coat of 
silicon rubber (Figure 3.6(b)), which also reduces its overall density to a value 
close to that of the soil. In order to minimize noise disruptions from the 
environment, the accelerometer readings were amplified by a factor of 2 using 
the signal-cum-power conditioners manufactured by PCB Piezoelectronics Inc. 
The pore pressure transducers used in the experiments were the Druck 
PDCR81 model (Figure 3.7), with a sensitivity of approximately 0.008 kPa.  
They were employed to measure the variations of the pore water pressures 
during both the high-g clay consolidation and the subsequent earthquake 
shaking stages. In order to minimize the influence of ambient noise, the PPT 
signals were amplified 100 times using NEC6L02DC amplifiers. 
 
3.5 Pile-raft System 
Figures 3.8 to 3.11 show the four types of pile group configurations (2×1 
sparse, 2×1 compact, 2×3, and 4×3) considered in this study, in which the 
piles within each group are rigidly connected to the raft via a through bolt 
system. There are two types of piles used in this study, i.e. solid aluminum 
piles and hollow steel piles, which will be further detailed in Chapter 4. The 
basic material properties for the raft and two different pile types are shown in 
Table 3.1.  Selected piles are instrumented with strain gauges to measure the 
bending strains, from which the bending moments were deduced, Figure 3.12. 
As shown in Figure 3.13, the instrumented pile was calibrated using the 
cantilever setup in which different masses of deadweights were hung at the 
pile tip. The resulting bending moments at the various gauge locations were 
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plotted against the measured electrical voltages as shown on Figure 3.14, 
which may be fitted using a linear function to obtain the calibration constant. 
The strain gauge signals were also amplified 100 times using NEC6L02DC 
amplifiers.  
Although the piles are connected to the raft via a through bolt system, 
some degree of rotation may still be present at the connection joint.  As 
detailed in Appendix A, the calibration test results and related numerical back-
calculations indicate that the connection joint flexibility has negligible 
influence on the seismic response of the pile-raft system.  
 
3.6 Sample Preparation 
3.6.1 Preparation of Clay Slurry 
The clay beds used in the centrifuge model tests were prepared using 
kaolin powder.  The general properties of the kaolin clay, shown in Table 3.2, 
were obtained from index property and one-dimensional consolidation tests 
(Figures 3.15 and 3.16) following BS1377 (1990) procedure.  
Kaolin powder was first mixed with water in a ratio of 1: 1.2 to form the 
clay slurry. The total mass of kaolin slurry required to fill the laminar box was 
about 82 kg, comprising 37 kg of kaolin powder and 45 kg of water.  Mixing 
of the slurry was carried out in a de-airing chamber for about 4 hours.  After 
mixing, the clay slurry was transferred into the rubber bag in the laminar box 
in several batches, so that the transducers could be placed at the desired 
locations and depths.   
Before transferring the slurry into the laminar box, a thin plastic hose 
perforated with holes along its length was attached to the inside bottom of the 
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rubber bag to provide a drainage path during the consolidation phase. The 
hose was then embedded within a 10-mm thick layer of sand, which formed a 
thin drainage layer at the bottom of the clay bed. 
  
3.6.2 Consolidation of Clay Slurry 
The completed slurry mixture was then subjected to both 1-g and 50-g 
consolidation processes to develop the required strength profile and stress 
history. 1-g consolidation was first carried out to pre-compress the clay beds, 
so as to reduce the time required for the subsequent in-flight consolidation.  
Dead weights were applied in stages, corresponding to an effective overburden 
stress of about 5 kPa at the top of the clay bed.  To ensure a uniform pressure 
distribution acting on the clay bed, the weights were applied on a thick 
Perspex platen resting on a geotextile layer placed over the surface of the clay 
slurry.  This 1-g loading condition was maintained for about 14 days. 
After two weeks of 1-g consolidation, the dead weights and the Perspex 
plate were removed, after which the laminar box was mounted on the 
centrifuge together with the shaker and other accessories. It was then subjected 
to in-flight centrifuge consolidation under 50 g until the degree of 
consolidation along the entire depth was 90% or more, which is a process that 
typically requires at least 18 hours of continuous spinning. During this high-g 
consolidation stage, three pore pressure transducers (PPTs), embedded at 
prototype depths of 4m, 8m and 12m below the clay surface respectively 
(Figure 3.5), were employed to monitor the pore water pressure variation 
within the clay sample. After consolidating for more than 18 hours under 50-g 
to achieve an average consolidation degree of 90% or more, a T-bar (Figure 
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3.17) test was performed in-flight to obtain the soil strength profile with depth 
using a jack-in velocity of 3 mm/s. This was followed by approximately 
another 3 hours of 50-g consolidation to dissipate the excess pore water 
pressure induced by the T-bar disturbance. After that, the soil sample was 
subjected to the in-flight earthquake shaking via the centrifuge shaker. 
 
3.7 Input Earthquake Motions 
In this study, two sets of ground motions were used. The first was a long-
duration ground motion (medium earthquake in Figure 3.18) representative of 
that which may be experienced in Singapore due to an earthquake event 
generated along the Sunda subduction trench. The second was a short-duration 
ground motion (medium earthquake in Figure 3.19) similar to that used by 
Banerjee (2009) that represents the type of shaking that may be experienced in 
Singapore due to a typical far-field earthquake arising from the strike-slip 
Great Sumatran Fault. Besides, as Figures 3.18 and 3.19 show,  in order to 
study the effect of different earthquake intensity, these two ‘medium’ ground 
motions were scaled up and down to obtain two other ground motions named 
as ‘large’ and ‘small’ respectively.  
The prototype earthquake motions are scaled accordingly by the g-level 
used in the centrifuge tests (50-g in this study), and converted into digital 
signals that are fed into the servo-actuator to prescribe the base motion for 








Table 3.1 Basic properties of pile and raft 
Property                                 Raft /aluminum pile                             Hollow steel pile                                                                                              
Density (g/cm
3
)                                    2.7                                                      7.85                                                   
Poisson’s ratio                                      0.2                                                      0.2                                                                               
Elasticity modulus (GPa)                      70                                                       210 
 
 
Table 3.2 Basic properties of kaolin clay 
Property                                                                                      Average value/Range                                                                                               
Bulk unit weight (kN/m
3
)                                                                        16.1                                                                                  
Water content                                                                                           60.2%                                                                                             
Liquid limit                                                                                              75.6% 
Plastic limit                                                                                        42.1%     
Compression index Cc                                                                               0.546 
Recompression index Cs                                                                            0.12 
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(a) Photo of the accelerometer              (b) Silicone-wrapped accelerometer 













































































































































































55 mm (2.75 m prototype) 
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Figure 3.12 Strain-gauge-instrumented piles 
 
 




Solid aluminum  
Hollow steel 
(a) Photos of strain-gauge-instrumented piles (b) Strain gauge locations along the instrumented piles (prototype) 





Figure 3.14  Calibration results for strain gauges mounted on instrumented piles 
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Figure 3.16 Typical compression curve from 1-D consolidation test on kaolin clay 
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Compress index Cc: slope of virgin compression line 
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CHAPTER 4 CENTRIFUGE TEST RESULTS AND 
DISCUSSION 
 
        This chapter presents and discusses the results obtained from the 
centrifuge tests carried out in this study.  These small-scale tests consist of 
kaolin clay models with embedded pile-raft systems of various configurations 
subjected to different ground motion excitations.  In this study, all the 
centrifuge tests were carried out under a 50-g acceleration field.  Hence, in the 
subsequent discussions, all the dimensions and quantities will be presented in 
the prototype scale consistent with the 50-g acceleration field. 
        Each centrifuge test comprises two stages: (i) a first phase where the 
prepared clay model undergoes consolidation under a 50-g acceleration field 
and (ii) the actual test phase where the base of the clay-pile-raft model is 
subjected to the prescribed ground motion to simulate seismic excitation under 
the 50-g acceleration field.   
        In the 50-g consolidation phase, pore water pressure was monitored by 
using three pore pressure transducers (PPT) located at different levels in the 
clay sample (prototype depths: 4m, 8m, and 12m. see Figure 3.5). The 
undrained shear strength of the kaolin clay was also measured by performing 
inflight T-bar testing after the clay sample had achieved an overall degree of 
consolidation of 90% or more.   
        During the seismic excitation phase, the acceleration time histories at the 
clay surface and raft top, as well as the bending moment time histories along 
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the pile shafts, were measured. As discussed in Section 3.7, two broad classes 
of input base motions were adopted in this study, termed as long duration and 
short duration. Each class of base motion was further subdivided into three 
ground motions of different intensities by scaling its peak ground acceleration 
to three different values ranging from about 0.01 g to 0.16 g. These motions,  
hereafter called the small, medium and large ground motions respectively, are 
adopted to investigate the effect of ground motion intensity on the acceleration 
and pile bending moment response, while keeping the frequency content and 
duration unchanged.  It is noted that all the three motions are relatively small 
in absolute terms. Nevertheless, the designations of small, medium and large 
are useful for differentiating such far-field motions.   
        Figure 4.1 shows the four different pile-raft configurations used in the 
centrifuge tests. These are (i) 2×1 sparse pile group, (ii) 2×1 compact pile 
group, (iii) 2×3 pile group and (iv) 4×3 pile group. In all cases, the piles were 
rigidly connected to the raft via a through bolt system.  Two types of piles 
were used: solid aluminum and hollow steel piles. The solid aluminum piles 
have prototype length of 14 m and diameter of 1 m. The hollow steel piles 
have prototype length of 14 m, outer-diameter of 0.5m and wall thickness of 
0.05 m.  The properties of the different pile types are summarized in Table 4.1.  
Also shown on the table are the prototype properties of the piles used by 
Banerjee (2009) and Ma (2010), whose results from single pile experiments 
will be adopted for comparison in this study. 
        The four pile types listed in Table 4.1 can be divided into two groups. 
The solid aluminum piles used in the present study and the hollow steel piles 
of Banerjee (2009) have flexural rigidities exceeding 2,500,000 kNm
2
, and are 
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labeled as stiff piles in this study.  On the other hand, the hollow steel piles 
used in this study, as well as those of Ma (2010), have flexural rigidities of 
about 380,000 kNm
2
, which is one order smaller, and hence are labeled as 
flexible piles. 
        Superstructural masses were simulated by steel plates bolted on top of the 
raft, which impose a uniformly distributed load on the surface of the pile raft.  
In so doing, the weight of the superstructure is treated as being lumped at the 
top of the raft.  Hence, the dynamic properties of the structure are not 
explicitly considered in this study.  Previous studies by Tabesh and Poulos 
(2007) and Castelli and Maugeri (2009) have also adopted a similar approach 
of lumping the entire superstructural mass at the pile head. In this study, up to 
four levels of added masses, including the raft self-weight, were applied on the 
pile-raft system. This information is summarized in Table 4.2, which also 
contains the added masses used in Banerjee’s (2009) and Ma’s (2010) 
experiments. 
        The seismic soil-pile-raft interaction centrifuge tests performed in this 
study comprise different permutations of the pile types, pile-group 
configurations, prescribed ground motions, peak accelerations and added 
masses, as shown on Table 4.3.  A total of 33 centrifuge tests were carried out 
in this study. 
 
4.1 Soil State after 50-g Consolidation Phase 
        Figure 4.2 shows the typical measured pore pressure histories at depths of 
4m, 8m and 12m below the clay surface, during the 50-g consolidation phase. 
As can be seen, by the end of the consolidation phase, the readings have 
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stabilized, indicating that most of the excess pore water pressures have 
dissipated.  As Figure 4.3 shows, the measured soil strengths from T-bar 
readings increase approximately linearly with depth, except for the top 0.3 m 
which is stronger due to the overconsolidation caused by the initial dead-
weight preloading under 1-g condition. The fitted trend shows that, in the 
normally consolidated zone, the undrained shear strength su increases with 
depth d according to  
   su = 1.43d     (4.1) 
        Taking an effective unit weight of 6.1 kN/m
3
 for kaolin clay (Table 3.2), 
the effective vertical stress is  
’v = 6.1d       (4.2) 
        Combining Equations 4.1 and 4.2, the following relationship between the 
undrained shear strength su and the effective vertical stress ’v  is obtained: 
   su /’v  0.24       (4.3) 
        Hence, for the kaolin clay used in this study, the average ratio of 
undrained shear strength to the corresponding effective vertical stress is about 
0.24. 
        The following sections of this Chapter present and discuss the 
measurements and results obtained from the second phase of the test, in which 
the model is subjected to seismic base shaking.  These measurements include 
the pore pressures in the clay, the clay accelerations and raft accelerations, as 
well as the pile bending moments.   
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4.2 Pore Pressure Response due to the Applied Ground 
Motions 
        Two pore pressure transducers, namely PPT-2 and PPT-3 located at 
prototype depths of 8m and 12 m respectively below the clay surface, were 
employed to monitor the pore pressure response in the clay due to the 
prescribed ground motions.   As Figures 4.4 to 4.9 show, excess pore pressures 
were generated during the small, medium and large shaking events of both 
long- and short-duration ground motions (Tests 1 to 6). The magnitude of the 
pore pressure response generally increases with increasing ground motion 
intensity and depth. However, in all cases, the cumulative excess pore 
pressures are quite small compared to the corresponding hydrostatic pressure 
(the pore pressure at the start of the time history record).  As shown in Figures 
4.6 and 4.9, both PPT-2 and PPT-3 readings indicate that the ratios of the 
cumulative excess pore pressure to the corresponding hydrostatic pressure, 
hereafter termed cyclic pore pressure ratio, are generally less than 6% even for 
the large motion events, regardless of the shaking duration. Figures 4.4-4.9 
also show that there was no significant dissipation of the excess pressures at 
the end of the shaking episode. This indicates that the kaolin clay samples 
remained largely undrained over the duration of the shaking, including that of 
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4.3 Free-field Acceleration Response of Pure Kaolin Clay Beds 
          Tests 1 to 6 were carried out using pure kaolin clay beds without any 
embedded structures.  The measured acceleration time histories at the base of 
the clay model for both long- and short-duration medium ground motions 
(Tests 2 and 5) are plotted in Figure 4.10. Figure 4.11 shows the 
corresponding acceleration response spectra obtained with 5% damping. For 
this level of damping, the peak values of the spectral acceleration obtained 
from the two motions are very similar.  The dominant period, which is the 
period at which the peak response occurs, is about 0.9s for the short duration 
motion and 1.2s for the long duration motion. These values are quite close to 
those associated with the synthetic ground motions used by Balendra et al. 
(2002) and Balendra and Li (2008) to simulate earthquake events triggered at 
the Sumatran Fault and Sumatran Subduction zone (In their studies, the 
dominant periods are about 0.8s and 1.2s, respectively), respectively.  
        The corresponding fast Fourier transform (FFT) spectrum plots for the 
long- and short-duration ground motions are shown in Figure 4.12. Compared 
to the response spectra of Figure 4.11, the difference between the Fourier 
spectra obtained from the two motions is more significant. While the two 
Fourier spectra also exhibit a dominant period of about 1s, the corresponding 
peak Fourier spectral acceleration is much higher (about doubled) for the long-
duration motion than the short-duration motion. Both the response and Fourier 
spectra also indicate the presence of a second dominant period of about 5s in 
the two motions, although its occurrence is more obvious in the latter 
spectrum.  
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        Figure 4.13 plots the acceleration time histories measured at the clay 
surface for both long- and short-duration medium ground motions (Tests 2 and 
5). Compared to the base accelerations of Figure 4.10, the measured 
accelerations at the surface are generally higher than those at the clay base. 
This is further illustrated in Figure 4.14, which plots the corresponding 
acceleration response spectra for both the clay surface and clay base motions. 
There is significant amplification of the surface response spectra compared to 
the base response spectra.  At the same time, there is also an increase in the 
dominant period of the surface motion to a value closer to 2s, as can be seen 
by the rightward shift of the peak surface response relative to the peak base 
response.  Such amplification in amplitude and lengthening in dominant 
period of the surface motion are consistent with the findings of many previous 
studies performed on soft soils (Tinawi et al., 1993; Pan, 1997; Mayoral et al., 
2009; Banerjee, 2009; Ma, 2010).   
        Figure 4.15 plots the Fourier spectra of the clay surface response for both 
the long- and short-duration events. Comparing Figure 4.15 with Figure 4.12, 
significant amplification of the wave components with periods ranging from 1 
to 2s is observed for both the long- and short-duration events.  This is 
consistent with the amplification response obtained using the response spectra 
of Figure 4.14. However, unlike in Figure 4.14 where the difference in the 
surface response spectra between the long- and short-duration events is not too 
significant, the Fourier spectra of the surface accelerations shown in Figure 
4.15 are quite different for the long- and short-duration events.   Part of the 
discrepancy can be attributed to the difference between the response spectra 
and Fourier spectra. The response spectrum is a measure of the maximum 
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response (in this case acceleration) of a single degree-of-freedom spring-mass-
damper system with different natural frequencies. It is not directly dependent 
upon the duration of the excitation. On the other hand, the Fourier spectrum is 
a cumulative measure of the amplitude over the ground motion duration, and 
therefore depends directly upon the duration. In general, the longer the 
duration, the larger is the Fourier amplitude.  
The preceding discussion shows that amplification effects can be 
examined either using the response spectrum or Fourier spectrum. In the 
subsequent discussion of this study, spectral amplification will be evaluated 
using the response spectrum, following the practice of previous studies such as 
Balendra and Lam et al.(2002),  Megawati and Pan (2009),  and Pan and 
Megawati et al.(2011). 
        Figure 4.16 plots the clay surface acceleration response spectra associated 
with both long- and short-duration small, medium and large ground motions 
(Tests 1 to 6). The peak spectral acceleration and the associated period for 
each test are indicated on the plot. By dividing the spectral accelerations at the 
clay surface by the corresponding spectral accelerations measured at the clay 
base, a series of spectral amplification curves were obtained and plotted in 
Figure 4.17. The resonance period occurs when the amplification response 
reaches its peak value, and hence the peak amplification factor is also termed 
resonance amplification factor. The resonance period and the peak 
amplification value for each test are indicated in the plot. The peak 
amplification factors obtained in this study range from about 3 to 5, which are 
consistent with those reported by Pan (1997), Megawati and Pan (2009), 
Banerjee (2009) and Ma (2010). 
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        In this study, an alternative more straightforward interpretation of the 
amplification factor, hereafter termed direct amplification factor, is also 
considered. This is obtained directly from the time history records by dividing 
the peak value of the measured accelerations at the clay surface (or raft 
foundation) by the peak base acceleration (PBA).  
        Figure 4.18 plots both the resonance and direct amplification factors 
against the PBA for Tests 1 to 6. Although there is some variation of the 
resonance amplification factor versus PBA for both long- and short-duration 
ground motions, all the resonance amplification factors lie within a relatively 
narrow range between 3.1 and 4.6.  As the level of resonance amplification is 
dependent on the damping characteristics of the clay bed, a relatively narrow 
range of the resonance amplification factors suggests that the damping ratio of 
the clay bed is not significantly affected by the range of ground motion 
intensities adopted in this study. 
        On the other hand, the direct amplification factor appears to 
monotonically decrease with the peak base acceleration. Besides the damping 
ratio (which has been shown to be relatively constant), the direct amplification 
factor is dependent on the proximity between the dominant period of the input 
motion and the resonance period of the clay bed. The smaller the difference 
between the dominant period of the input motion and the resonance period of 
the clay layer, the larger is the direct amplification response. Hence, the 
reduction in direct amplification factor with increasing ground motion 
intensity (as shown in Figure 4.18) could be due to the increasing discrepancy 
between the dominant period of input base motion and the resonance period of 
the clay bed.  As can be seen from Figure 4.19, the resonance periods of the 
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clay layer increase with increasing peak base acceleration of both the long- 
and short-duration motions.  This leads to an increasing difference between the 
resonance period of the clay layer and the unchanged dominant period of the 
input motion as the peak base acceleration increases.  It also explains why the 
direct amplification factors decrease with the increasing ground motion 
intensity. 
        Overall, the preceding results and discussions indicate that the free-field 
acceleration responses of a pure kaolin clay bed, in terms of amplification 
effect and the resonance period, are not significantly different when subjected 
to both long- and short-duration ground motions.   
 
4.4 Raft Acceleration Response         
The acceleration time histories of the raft were measured in all the 
centrifuge tests (Tests 7 to 33) in which the pile-raft system was present.  The 
complete plots for these time histories are presented in Appendix B.  In the 
following subsections, only selected raft acceleration histories relevant to the 
discussions are shown. 
   
4.4.1 Influence of Pile-raft Configuration 
        Figure 4.20 plots the measured acceleration time history at the raft top 
and the corresponding response spectrum for the 2×1 sparse pile-raft model, 
subjected to the long-duration, medium ground motion (Test 7).  In Figure 
4.21, the raft acceleration response spectra for all the different pile-raft 
systems subjected to the long-duration, medium ground motion (Tests 7, 8, 9 
and 11) are shown. The peak spectral acceleration and the associated period 
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for each test are indicated on the plot.  These plots also contain the response 
spectra for the input base acceleration.   Compared to Figure 4.16, it is seen 
that the dominant periods of the raft accelerations are generally much smaller 
than that of the kaolin clay surface without any embedded structure.   
        The corresponding raft acceleration amplification curves are shown in 
Figure 4.22.  The peak amplification values and the associated resonance 
periods are shown on the plot.   These are obtained by dividing the raft 
response spectra of Figure 4.21 by the base motion response spectrum.  As can 
be seen from Figures 4.21 and 4.22, the raft acceleration responses of the 2×1 
sparse and 2×1 compact pile-rafts are very similar, indicating that the pile 
spacing does not appear to significantly affect raft accelerations. As shown on 
Figure 4.22, the 4×3 pile-raft model exhibits the largest spectral amplification 
of about 4.2 corresponding to the resonance period of about 1.6s. This is 
followed by the 2×3 pile-raft with a spectral amplification of about 3.6 at a 
resonance period of about 1.8s, and the 2×1 pile-rafts with amplification of 
about 2.8 at a resonance period of 1.9s. Hence, these results suggest that the 
raft amplification effects increase with the size of the pile-group.    
        To better understand the behavior of the pile-raft system, it is helpful to 
simplify and idealize it as a single degree-of-freedom (SDOF) system. While 
such a simplified model may not fully capture the behavior of the pile-raft 
system, it helps to provide useful insight for understanding some of the 
observed responses from the centrifuge tests. Figure 4.23 is a schematic 
representation of the approximate pile-raft system without the surrounding soil, 
wherein the finite number of piles are lumped as a single pile with the 
equivalent flexural rigidity EpIp, wher Ep is the Young’s modulus of the pile 
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material, and Ip is the second moment of inertia of a single pile section.  The 
lumped pile head is rigidly connected to the raft which is constrained to only 
move horizontally, while the lumped pile tip is pin-connected to the bottom 
soil layer.  The natural period of this single-degree-of-freedom lumped pile-














                                                                        (4.4) 
 where p pE I  is the total flexural stiffness of piles; 
strm  is the raft or structural mass; 
pl  is the pile length. 
        The term  EpIp/mstrlp
3
 in Eq. 4.4 is equivalent to the stiffness-to-mass 
ratio for the lumped pile-raft system shown on Figure 4.23.  For the pile-raft 
configurations adopted in this study, the prototype stiffness-to-mass ratio 
increases approximately threefold from about 16 s
-2
 for the 2×1 pile group to 
45 s
-2
 for the 4×3 pile group.  Hence, the theoretical natural period of the 2×1 
pile-group is about 1.7 (3) times that of the 4×3 pile group, in the absence 
of the surrounding soil. 
        Figure 4.24 plots the theoretical natural period against the stiffness-to-
mass ratio for the different pile-raft configurations adopted in this study, in the 
absence of any added masses. Also plotted on the figure are the measured 
resonance periods obtained from the amplification curves of the raft 
accelerations (Figure 4.22, Test 7, 8, 9 and 11). As can be seen, both the 
theoretical natural period and measured resonance period decrease with 
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increasing pile-group size.  However, the measured resonance periods 
obtained from the centrifuge shaking tests, where the structure was embedded 
in the soft clay, are significantly larger than the theoretical values without any 
soil present. This indicates that seismic shear waves propagating through the 
surrounding soil interact with the raft motion, most likely by imposing inertial 
loading onto the pile-raft system, thus lengthening the resonance period of the 
pile-raft system. 
         Figure 4.25, which plots the measured resonance amplification factors 
(from Figure 4.22) as a function of the stiffness-to-mass ratio, shows that the 
larger pile groups exhibit higher amplification factors.  The higher 
amplification ratio may be due to possibly smaller damping effects associated 
with the very stiff and practically elastic behavior of the larger pile-groups 
containing more piles and a bigger raft.  
         Figure 4.25 also shows that the direct amplification factor increases with 
the stiffness-to-mass ratio of the pile-raft system.  As shown in Figure 4.14, 
the dominant period of long-duration ground motion is about 1.2 s, which is 
smaller than the measured resonance periods, which decreases from 1.9s for 
the 2×1 pile-raft to 1.66s for the 4×3 pile-raft, as shown in Figure 4.24. It 
hence can be inferred that the increasing trend of direct amplification factor 
with the stiffness-to-mass ratio may be due to the narrowing of the gap 
between the dominant period (1.2s) of the input base motion and the 
decreasing resonance period of the pile-raft-soil system as the pile group size 
increases.         
        The preceding results and discussions show that the raft acceleration 
response can be influenced by the pile group size. Besides, as shown in Figure 
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4.26(a) for the 4×3 pile-raft-soil system subjected to the long-duration medium 
ground motion, the raft acceleration response is not the same as that of the 
free-field clay surface response in the absence of the raft.  Figure 4.26(b) 
shows that the dominant period of the raft is different from that of the free-
field surface response. This suggests that pile-raft system does not move in 
tandem with the free-field ground, which was also observed in the centrifuge 
tests performed by Banerjee (2009). Hence, the free-field ground surface 
accelerations arising from seismic base excitation are unlikely to be the same 
as the raft accelerations when the foundation is in place. 
 
4.4.2 Influence of Ground Motion Intensity 
        Figure 4.27 plots the raft acceleration response spectra for the 4×3 
aluminum and hollow steel pile-raft models subjected to both long- and short-
duration small, medium and large ground motions. The Test IDs are indicated 
on the figure. The corresponding spectral amplification curves are plotted in 
Figure 4.28, which shows that the stiffer aluminum pile-rafts (a) and (c) 
clearly exhibit a higher resonance amplification response compared to the 
hollow steel structures (b) and (d).   
        Figure 4.29 plots both the (a) resonance amplification and (b) direct 
amplification factors, as a function of the peak base acceleration, for the 12 
tests of Figures 4.27 and 4.28.  As shown in Figure 4.29(a), the resonance 
amplification factors associated with the aluminum pile-raft systems are 
distinctly higher than those of the hollow-steel foundations. For each material 
type, (a) the resonance amplification factors do not vary significantly over the 
base of peak base accelerations applied, and (b) the difference between the 
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long and short duration amplification response does not appear to be 
significant.  
        However, when the direct amplification response is considered, Figure 
4.29(b) shows that the difference between the aluminum and hollow steel pile-
raft structures is not as significant.  This means that, while the stiffer 
aluminum pile-raft still shows a larger amplification response, a direct 
comparison of the measured peak accelerations from the time history records 
does not yield as high a difference between the two material types as that 
indicated by Figure 4.29(a).  In fact, the difference becomes quite insignificant 
with increasing ground motion intensity, suggesting that, at higher levels of 
shaking, the soft soil behavior may exert a more dominant influence on the 
pile-raft response compared to structural stiffness effects.    
        On the other hand, as shown in Figure 4.30, raft resonance periods 
increase with the increasing peak base acceleration for both 4×3 solid 
aluminum and hollow steel pile-raft models.  Such lengthening of the 
resonance period suggests that the overall stiffness of the combined pile-raft-
soil system is decreasing, which is most likely caused by the reduction in the 
stiffness of the surrounding soil due to the larger strains induced by the 
stronger shaking levels.   
         From the above discussion, it is noted that the raft acceleration 
amplification is more pronounced in stiffer foundation systems (Figure 4.28), 
although the spectral amplification factor corresponding to the resonant period 
does not appear to vary significantly with the peak base acceleration (Figure 
4.29a).   On the other hand, Figure 4.29b suggests that the direct amplification 
factor, obtained by comparing the actual recorded time history peaks at the 
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clay base and the raft surface, decreases with increasing ground motion 
intensity.     
         Figure 4.31 plots the measured peak raft acceleration against the peak 
base acceleration, for the various centrifuge tests involving different pile types 
and duration of input base motion. It can be observed that, in all cases, the 
measured peak raft acceleration increases approximately linearly with 
increasing PBA, which suggests that the overall response of the pile-raft-soil 
system is still approximately linear.  
 
4.4.3 Influence of Added Masses on the Raft 
        Figure 4.32 plots the raft acceleration response spectra for the 4×3 solid 
aluminum and hollow steel pile-raft models with different added masses 
applied at the raft top, subjected to both long- and short-duration medium 
ground motions. The respective Test IDs are indicated on the figure. The 
corresponding spectral acceleration amplification curves are plotted in Figure 
4.33, which shows that the resonance amplification response is more 
significant in the stiffer aluminum pile group (a) and (c), than the hollow steel 
foundations (b) and (d).                           
        In Figure 4.34(a), the resonance amplification factors from Figure 4.33 
are extracted and plotted against the combined raft + added masses.  It is seen 
that the resonance amplification factors for the aluminum pile-groups are 
approximately doubled those for the hollow steel foundations, which was also 
noted earlier in Section 4.4.2.  The figure also shows that, for a given pile-raft 
system, the ground motion duration does not significantly affect the resonance 
amplification response. On the whole, the resonance amplification response is 
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generally quite insensitive to the added masses.  The same relatively flat trend 
is observed in Figure 4.34(b), where the direct amplification factors 
(calculated from the peak values of the measured time histories) are plotted 
against the combined raft + added masses.   
        Figure 4.35 plots the measured resonance period of the raft as a function 
of the combined raft and added masses, for the different pile materials and 
ground motions.  The raft resonance period varies from about 1.5 s when 
aluminum piles are used to about 2 s for the hollow steel piles.  However, for a 
given pile material and ground motion, the added masses do not have any 
significant influence on the resonance period of the raft.   
        The relative insensitivity of the raft amplification and resonance period to 
the added mass could be partly due to the combined raft and added masses 
being comparatively smaller than the mass of the surrounding soft soil.  For 
the tests conducted in this study, the raft and added mass accounts for only 
about 11% to 35% of the mass of the soft soil underneath the raft. Hence, the 
soil response due to the shaking may be more dominant in influencing the 
overall response of the soil-pile-raft system.   
        Figure 4.36 also plots the measured peak raft acceleration against the 
added masses for the 4×3 solid aluminum and hollow steel pile-raft models 
subjected to both long- and short-duration medium ground motions.  As can be 
seen from the almost horizontal trends, the peak raft acceleration is not 
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4.4.4 Comparison with Other Experimental Results 
        In this section, some of the results from the present study are compared 
with those previously reported by Banerjee (2009) and Ma (2010) for single 
pile subjected to short-duration ground motions.  As shown on Table 4.1, 
Banerjee (2009) and Ma (2010) used hollow steel piles, albeit with different 
diameters and pile lengths.  In both studies, the raft was supported by four 
piles located at its corners such that the spacing-to-diameter ratios along the 
shaking direction were greater than 11.  In this way, the piles were considered 
to effectively behave as single piles.   
        As indicated on Table 4.1, the flexural rigidities of both the hollow steel 
piles used by Banerjee (2009) and the present solid aluminum piles are about 
one order larger than the 0.5m diameter hollow steel piles used by Ma (2010) 
and in this present study.  Hence, the first two types of piles may be broadly 
described as ‘stiff’ while the latter two piles are deemed ‘flexible’.          
        Figure 4.37 plots the resonance period against the peak base acceleration 
for the 4×3 pile-rafts adopted in this study and the single piles of Banerjee 
(2009) and Ma (2010), for the short duration ground motion with just the raft 
and no added masses.  As can be seen, the raft resonance periods for both the 
4×3 pile-groups and the single piles increase with increasing peak base 
acceleration.  However, the raft resonance period for 4×3 pile-raft is generally 
smaller than that for single pile model for the same pile type. The smaller 
resonance period of the 4×3 pile-raft is indicative of a stiffer response, which 
is consistent with its higher overall ‘lumped’ stiffness compared to that of a 
single pile. 
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        Figure 4.38 shows how the resonance period varies with the combined 
raft and added masses, for the (i) 4×3 solid aluminum pile-raft, (ii) 4×3 hollow 
steel pile-raft, (iii) Banerjee’s hollow steel single pile-raft, and (iv) Ma’s 
hollow steel single pile-raft.  As the added masses increase, the raft resonance 
period for the single pile-raft increases gradually while that for 4×3 pile-raft 
remains relatively constant. For the same variation in added mass, the effect 
on the resonance period of the single pile-raft is more significant compared to 
the 4×3 pile-group due to the comparatively smaller stiffness of the single pile. 
        The stiffness-to-mass ratio for a pile-raft system was introduced in 
Section 4.4.1.  There, it was shown in Figure 4.24 that the resonance period of 
the raft decreases with the stiffness-to-mass ratio, while Figure 4.25 shows 
that the amplification of the raft acceleration increases with the stiffness-to-
mass ratio.  For a typical pile-group system, the stiffness-to-mass ratio 
EpIp/mstrlp
3
 is a function of the number of piles, the pile material and 
dimensions, as well as the raft (plus any imposed superstructural) mass.  It can 
therefore serve as a parameter for comparing the performance of pile-raft 
systems of different sizes and material type, such as those used in this study, 
Banerjee (2009) and Ma (2010). 
        Using results from Banerjee (2009), Ma (2010) and the present study for 
the short-duration, medium intensity ground motion, Figure 4.39 plots the 
resonance period obtained from the different tests versus the corresponding 
stiffness-to-mass ratios of the pile-rafts.   The overall trend indicates that the 
resonance period of the raft motion decreases with an increasing stiffness-to-
mass ratio, which can be represented by the following power relationship: 
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        where Tr is the resonance period of pile-raft-soil system; 
                   p pE I  is the total flexural stiffness of the piles; 
                    lp is the pile length; 
                   strm  is the combined mass of raft and added mass. 
        Figure 4.39 shows that, for small stiffness-to-mass ratios of less than 5, 
the resonance period decreases very rapidly. This suggests that, for small pile-
groups, the resonance period is very sensitive to changes in lumped pile 
stiffness (caused by changes in pile number or pile material) and/or added 
masses.  For larger pile-groups with higher stiffness-to-mass ratios greater 
than about 10, the resonance period decreases much more slowly.  Eq. 4.5 
predicts a resonance period of about 1.2s for a pile-raft system with stiffness-
to-mass ratio of 100. The resonance period further reduces to 0.9s when the 
stiffness-to-mass ratio increases to 1000.   
From Tables 4.1 and 4.2, it can be seen that the mass of the individual 
pile is comparatively smaller compared to that of the raft + added mass. Hence 
the mass of the combined pile-raft-soil system is predominantly due to the 
superstructure (raft + added mass) and the enclosed soil within the pile-group. 
On the other hand, the piles contribute mainly to the flexural stiffness of the 
whole system.   Hence, as suggested by the trend of Figure 4.39, for a given 
raft + added mass, once the pile group exceeds a certain size, the contribution 
to the combined lateral stiffness of pile-raft-soil system due to the introduction 
of an additional pile will become quite trivial, as long as the overall mass of 
the pile-raft-soil system remains relatively constant.  
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        Similarly, the influence of the peak base acceleration on resonance 
amplification response of the raft is shown on Figure 4.40, for the same 4×3 
pile-rafts and single piles as previously considered in Figure 4.39. It can be 
observed that the 4×3 flexible pile-raft and flexible single piles have similar 
amplification factors as that of the stiff single piles, which are in turn smaller 
than those of the stiff 4x3 pile-raft. Similar findings are also shown in Figure 
4.41, which plot the resonance amplification factor against the combined raft + 
added masses used in the tests.    
The resonance amplification response shown on Figures 4.40 and 4.41 
for different pile-group stiffness and different added masses may be examined 
using the framework of damping in a single degree-of-freedom system.    
For the idealized single degree-of-freedom system shown on Figure 4.23, 
the resonance amplification factor Rm can be approximately calculated as:  





                                                           (4.6) 
where   is the system damping ratio defined as 




                                                             (4.7) 
in which C and Ccr are the mobilized and critical damping coefficients of the 
structural system, respectively, with units kNs/m.  
For a pile-raft system idealized as a single degree-of-freedom system, 
the critical damping coefficient, Ccr, can be expressed as Equation (4.8) below, 











                                                     (4.8) 
where  p pE I  is the total flexural stiffness of piles; 
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strm  is the mass of raft (+ any superstructural mass); 
pl  is the length of pile. 
 
Using Eq. 4.8, the critical damping coefficient Ccr increases with the size 
of the pile-group and/or the structural mass.  For a given mobilized damping 
coefficient C of the system, a larger Ccr leads to a smaller  (Eq. 4.7) and 
hence a larger resonance amplification factor Rm (Eq. 4.6).  Therefore, based 
on the damping framework just discussed, the resonance amplification factor 
increases with the critical damping coefficient Ccr of the pile-raft system.  
Figure 4.42 plots the measured resonance amplification factors against 
their critical damping coefficients. It is seen that the resonance amplification 
factor generally increases with the nominal critical damping coefficient, albeit 
at a decreasing rate.  The relationship between the resonance amplification 
factor and the critical damping coefficient can be expressed by: 
             
0.4726
0.051m crR C                                              (4.9) 
where Rm is the resonance amplification factor; 
        The above discussions suggest that the amplification response of different 
pile-raft-soil systems, as shown on Figures 4.40 and 4.41, can be reasonably 
interpreted within the framework of critical damping of a single degree-of-
freedom system. In so doing, the amplification trend shown in Figure 4.42 is 
obtained, which is related to the size of the pile-group, its flexural rigidity and 
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4.5 Seismic Bending Moment Response 
       In this section, the pile bending moment response will be examined. 
Figure 4.1 shows the plan view of the different pile group configurations 
tested in this study, with the shaded circles representing the instrumented piles. 
Each instrumental pile has 9 strain gauges, the locations of which are shown 
on Figure 3.5.  The uppermost strain gauge is located at a prototype depth of 
2.4 to 3 m (flexible and stiff piles, respectively) below the pile-head, with a 
subsequent spacing of 1.3 m between strain gauges.  Each instrumented pile 
was calibrated to obtain the bending moments from the strain gauge readings 
following the procedure described in Section 3.5, with the set-up shown on 
Figure 3.13 and the typical calibration results plotted on Figure 3.14.   
        The typical time histories recorded by the strain gauges, after conversion 
to bending moments, are shown on Figures 4.43 and 4.44.  For the long 
duration ground motion, Figure 4.43 plots the bending moment histories 
recorded at seven of the nine strain gauges on the outer pile of the 4×3 hollow 
steel pile-raft model subjected to the medium ground motion (Test 23).  For 
this event, the largest bending moment of about 400 kNm is recorded at strain 
gauge S9 (Figure 4.43(g)). For the short duration ground motion, Figure 4.44 
plots the bending moment histories recorded at six of the nine strain gauges on 
the inner pile of the 4x3 hollow steel pile-raft model subjected to the medium 
ground motion (Test 29). The largest bending moment of about 250 kNm for 
this event is also recorded by strain gauge S9 (Figure 4.44(f)). The complete 
plots of all the bending moment time histories recorded from the centrifuge 
tests can be found in Appendix B.   
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        In this study, the bending moment results will be presented in the form of 
the instantaneous maximum bending moment profile, which is the bending 
moment profile along the pile shaft at the instant when the uppermost strain 
gauge S9 attains its maximum value.  For a given test, such a profile can be 
obtained by extracting the instantaneous bending moments from the strain 
gauge time histories (such as those shown on Figures 4.43 and 4.44) 
corresponding to the instant when strain gage S9 records its maximum value. 
 
4.5.1 Influence of Pile-raft Configuration 
        Figures 4.45 and 4.46 plot the maximum bending moment profiles for the 
2×1 sparse, 2×1 compact, 2×3 and 4×3 solid aluminum pile-raft models 
subjected to the long-duration medium ground motion. Figure 4.45 shows that, 
near the pile head, the measured bending moments of the 2×1 sparse pile (pile 
spacing of 9D) are generally larger than that of the 2×1 compact pile (pile 
spacing of 3D).  This may be due to the greater pile-to-pile interaction taking 
place in the 2×1 compact pile group, leading to the smaller measured pile 
bending moment. Such a trend is also consistent with previously published 
results indicating that pile spacing has a significant influence on the individual 
pile response within a group (Brown and Shie, 1990; Burr et al., 1994; 
Mostafa and El Naggar, 2002; Rollins et al., 2006; Chandrasekaran et al., 
2010a  & 2010b; Manna and Baidya, 2010).  
       Figure 4.46(a) indicates that the 2×1 compact pile group experiences 
larger bending moments near the pile head than the 2×3 pile group, while 
Figure 4.46(b) shows that the same 2×3 pile group records generally larger 
bending moments near the pile head than the 4×3 pile group. Figure 4.46(b) 
Chapter 4 Centrifuge Test Results and Discussion 
101 
 
also shows that, for the 4×3 pile group, the outer pile generally develops larger 
bending moments than the inner pile near the pile head. This finding is quite 
similar to the phenomenon of “shadowing effect” used to describe the 
difference in shear force or bending moment response between the outer pile 
and inner pile of a pile group subjected to a lateral load (static or dynamic) 
applied near the pile head ( Ilyas et al. , 2004;  Rollins et al. , 2005a & 2005b; 
Chandrasekaran et al. , 2010a and 2010b). 
        The bending moment profiles of the 4×3 pile group shows comparatively 
smaller negative values compared to the 2×3 and the 2×1 sparse and compact 
pile groups. Also, the cross-over point between the positive and negative 
bending moments occurs at a greater depth of about 11D in the 4×3 pile group 
compared to the other pile groups.  This indicates that the individual pile in the 
4×3 pile group tend to exhibit a “stiffer” behavior, which is consistent with the 
higher combined stiffness of the equivalent single-degree-of-freedom system 
(Figure 4.23) for a foundation with more piles. 
 
4.5.2 Influence of Ground Motion Intensity 
        Figures 4.47 plots the measured maximum pile bending moment profiles 
for the 4×3 solid aluminum pile-raft model subjected to the long-duration 
small, medium and large ground motions (Tests 10, 11 and 12).  Figure 4.48 
plots the corresponding profiles for the short-duration ground motions (Tests 
16, 17 and 18).  In both figures, the increase in bending moments with ground 
motion intensity is clearly evident.  Furthermore, for the solid aluminum piles 
tested, the maximum bending moments near the pile head are larger in the 
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outer pile than the inner pile, regardless of the ground motion intensity and 
duration.      
        Figure 4.49 plots the similar bending moment profiles as Figure 4.47, 
except that these correspond to the hollow steel piles used in Tests 25, 26 and 
27 for the long-duration ground motion. Similarly, Figure 4.50 plots the 
bending moment profiles for the hollow steel piles used in Tests 31, 32 and 33 
for the short-duration ground motion.   Figures 4.49 and 4.50 show that, for 
the 4×3 hollow steel pile groups, the measured bending moment profiles along 
the outer and inner piles have very comparable magnitudes, so that the 
“shadowing effect” is not evident. This difference in bending moment 
response between 4×3 solid aluminum and hollow steel pile groups could be 
due to (1) decreased pile-soil interaction effects caused by the lower pile-to-
soil stiffness ratio associated with the hollow steel pile compared to the solid 
aluminum pile (with the latter having a flexural stiffness of about 9 times that 
of the former), and (2) decreased pile-to-pile interaction effects due to the 
larger pile spacing-to-diameter ratio of the hollow steel piles (6D) compared to 
the solid aluminum piles (3D), even though the actual centre-to-centre pile 
spacings are the same in both cases. 
        The more flexible response of the hollow steel piles compared to the solid 
aluminum piles can be seen in Figures 4.49 and 4.50, which show more 
significant development of negative bending moments along the lower half of 
the piles, compared to the profiles shown on Figures 4.47 and 4.48.  For the 
hollow steel pile groups, the crossover from positive to negative bending 
moments occurs at a depth of less than 7 m, compared to about 10 to 11m for 
the solid aluminum piles. Furthermore, the magnitude of the negative bending 
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moments in the hollow steel pile group are significantly larger those in the 
solid aluminum pile group.    
        Figures 4.51 and 4.52 plot the maximum measured pile bending moment 
at the uppermost strain gauge S9 against the peak base acceleration for the 4×3 
solid aluminum and hollow steel piles, respectively, subjected to the small, 
medium and large long- and short-duration ground motions. It can be seen that 
the maximum measured bending moment increases almost linearly with the 
peak base acceleration. 
        As shown on Figure 4.51, for the 4×3 solid aluminum pile group, the 
variation of the maximum measured pile bending moment with peak base 
acceleration is quite similar between the long- and short-duration input ground 
motions.  However, for the 4×3 hollow steel pile group shown on Figure 4.52, 
the measured pile bending moment increases more significantly with the peak 
base acceleration for the long-duration ground motion compared to the short-
duration ground motion.  By using Eq. 4.4, the natural period (Tn) of 4×3 solid 
aluminum and hollow steel pile-raft can be estimated as about 0.54s and 1.61s, 
respectively. On the other hand, from Figure 4.11, the dominant periods (Ti) of 
the long- and short-duration input signals are 1.16s and 0.86s, respectively.           
For a pile-raft system represented by a single-degree-of-freedom (SDOF) 
system as shown in Figure 4.23 and subjected to seismic base shaking, the 
seismic response of the SDOF system is highly dependent on the ratio of the 
natural period of the SDOF system to the dominant period of the input base 
excitation, Tn/Ti.  The seismic response of SDOF system will increase with  
increasing  Tn/Ti when  Tn/Ti is smaller than or equal to 1 and decrease with 
increasing  Tn/Ti when  Tn/Ti is larger than or equal to 1.  
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        For 4×3 solid aluminum pile-raft subjected to both the long- and short-
duration input signals, the corresponding Tn/Ti values are 0.465 and 0.627 
(0.162 in difference), respectively; for 4×3 hollow steel pile-raft subjected to 
both the long- and short-duration input signals, the corresponding Tn/Ti values 
are 1.387 and 1.871 (0.484 in difference), respectively.  This may explain why 
the 4×3 solid aluminum pile-raft subjected to the long-duration ground motion 
exhibits a very similar maximum bending moment response as that subjected 
to the short-duration motion, while the 4×3 hollow steel pile-raft subjected to 
long-duration base motion shows a comparatively larger maximum bending 
moment response than that subjected to the short-duration base motion. 
 
4.5.3 Influence of Added Masses on the Raft 
        Figure 4.53 plots the measured maximum pile bending moment profiles 
corresponding to different added masses on the raft, for the 4×3 solid 
aluminum pile-raft model subjected to the long-duration medium ground 
motion. Figure 4.54 plots the corresponding bending moment profiles for the 
short-duration medium ground motion.  In both figures, it is seen that the 
maximum bending moment at the uppermost strain gauge increases with the 
increase in added masses on the raft.   
        Figures 4.55 and 4.56 plot the corresponding bending moment profiles 
for different added masses on the raft, obtained using the hollow steel pile-raft.  
Compared to the solid aluminum piles, there are significant negative bending 
moments that develop at the bottom half of the hollow steel piles, due to the 
much lower flexural rigidity of these piles.   
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        Figure 4.57 shows how the maximum measured pile bending moment 
varies with the added masses for the 4×3 aluminum and hollow steel pile-raft 
models subjected to the long-duration medium ground motion. Figure 4.58 
shows the results for the short-duration medium ground motion. As can be 
seen, the maximum bending moment in both cases monotonically increases 
with the added masses on the raft.  
 
4.5.4 Comparison with Other Experimental Results 
        In this section, the pile bending moment results from the present study 
are compared with those previously reported by Banerjee (2009) and Ma 
(2010) for a single pile subjected to a short-duration ground motion.  As 
discussed in Section 4.4.4, the flexural rigidity of the 0.9m hollow steel piles 
used by Banerjee (2009) is comparable to that of the 1m solid aluminum piles 
used in this study (see Table 4.1), and both are labeled as stiff piles in this 
study. In contrast, the flexural rigidities of the 0.5m hollow steel piles used by 
Ma (2010) and also in the present study are about one order smaller (see Table 
4.1) and hence may be deemed as ‘flexible’ piles.  
        Figure 4.59 plots the maximum pile bending moment profiles for (a) the 
stiff piles from both Banerjee (2009) and the present study (Test 18), and (b) 
the flexible piles from both Ma (2010) and the present study (Test 30), arising 
from the short duration ground motions. As Figure 4.59(a) shows, for the stiff 
pile, the measured maximum moment at the uppermost strain gauge S9 is 
larger for Banerjee’s pile compared to the present 4×3 pile-raft. Also, the 
crossover from the positive to negative moments occurs at a slightly shallower 
depth for Banerjee’s stiff single pile compared to the present 4×3 stiff pile-raft.   
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        However, as shown in Figure 4.59(b) for the more flexible 0.5m hollow 
steel pile, the maximum pile bending moments and the crossover point 
between Ma’s single pile-raft and the present 4×3 pile-raft models are quite 
comparable. This may suggest that the individual flexible pile in the 4×3 pile 
group behaves more like a single pile in part due to the larger pile spacing-to-
diameter ratio (s/D = 6).   
         Figure 4.60 is a summary plot showing the measured maximum bending 
moment versus the peak base acceleration, for selected tests in the present and 
previous studies. It is seen that, in all cases, the maximum pile bending 
moment show an approximately linear increase with peak base acceleration. 
This may be due to the pile-raft system behaving in a predominantly elastic 
manner in response to the applied ground motions, despite the non-linear 
nature of the soft soil. The results in Figure 4.60 can generally be grouped into 
two clusters, according to the stiff and flexible piles.  For a given peak base 
acceleration, larger bending moments are generated in the stiff piles compared 
to the flexible piles.           
Figure 4.61 shows that the maximum measured bending moments for 
both the 4×3 grouped and single piles increase monotonically with the added 
mass. However, the maximum measured bending moment for single piles 
seems to be more sensitive to changes in the added masses. This may be due in 
part to the fact that, for a given change in the added mass M acting on a pile 
group, the resulting change in the inertial force F acts almost equally on the n 
piles within group, so that each pile is subjected to a force of F/n. For the 
same change in added mass M acting on a single pile, the entire inertial force 
F acts solely on the pile.  Hence, the increase in bending moment arising 
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from inertial effects caused by a given change in added masses is more 
significant in a single pile.   
        In section 4.4.4, it was shown that the resonance period of pile-raft 
systems with different flexural stiffness and masses can be related to their 
stiffness-to-mass ratios.  In this section, the same stiffness-to-mass ratio is 
adopted to relate different pile stiffnesses and raft masses to the pile bending 
response, or more specifically, the pile bending curvature. The data shown in 
Figure 4.61 are re-plotted in Figure 4.62 to show the variation of the measured 
maximum pile bending curvature against the stiffness-to-mass ratio. As can be 
seen, the variation of the measured maximum pile bending curvatures (for 
both the single piles and piles within a group) with the stiffness-to-mass ratio 
can be reasonably well fitted using a power law as follows: 
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        Similar to the influence of the stiffness-to-mass ratio on the raft 
resonance period response (as shown in Figure 4.39), the maximum measured 
bending curvature reduces sharply for stiffness-to-mass ratios of less than 
about 5 and reduces very gradually for stiffness-to-mass ratio larger than about 
20. Hence, it may be inferred that, for a fixed structural mass and pile type, the 
maximum pile bending curvature and pile bending moment will remain 
approximately the same once the stiffness-to-mass ratio of the pile-raft system 
is larger than about 20.  This suggests that, for practical seismic pile design, 
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there appears to an optimal pile number, corresponding to a stiffness-to-mass 
ratio of about 20, beyond which the bending moment response in the pile-raft-
soil system does not change significantly.   
        Figure 4.62 can also be used as a quick reference to provide first order 
estimates of the maximum pile bending moment due to seismic loadings. 
Firstly, a maximum bending moment M1 can be obtained based on Figure 4.62; 
however, M1 is just a preliminary estimate as the data in Figure 4.62 
corresponds to a peak base acceleration of about 0.05 g.  Secondly, based on 
the previous conclusion that the maximum bending moment is approximately 
linearly increasing with the ground motion intensity (as shown in Figure 4.60), 
the maximum bending moment M2 corresponding to the peak base 
acceleration of interest a-g can be approximately obtained by the linear scaling: 
  M2 = M1 a / 0.05    (4.11) 
         
4.6 Summary and Conclusions 
        This chapter focuses on two aspects of the measurements obtained from 
the seismic soil-pile-raft centrifuge tests carried out in this study: (i) the 
acceleration response at the clay surface and the raft top, and (ii) the maximum 
pile bending moment response. Some conclusions can be drawn as follows. 
 
(1) Acceleration response at clay surface and raft top 
(a) The phenomena of acceleration amplification and lengthening of the 
dominant period were observed for both the free-field clay surface and raft 
acceleration responses, although the lengthening effect is more evident for 
the free-field clay surface acceleration response.  
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(b)  For pure kaolin clay bed, the free-field surface acceleration responses to 
both the short- and long-duration input ground motions are quite 
comparable in terms of response spectrum and acceleration amplification 
factors. This may suggest that, from an engineering standpoint, it is 
acceptable to disregard the difference between these two types of ground 
motions when dealing with the free-field surface acceleration response.    
(c)  On the other hand, compared to the free-field surface acceleration, the raft 
response generally has different acceleration amplitudes and smaller 
dominant and resonance periods.  This suggests that, for rigorous 
engineering analysis, it may not be appropriate to adopt the free-field 
ground surface accelerations as the input signal to the building foundation 
when analyzing the seismic response of a building.   
(d)  The raft acceleration response was found to be strongly influenced by the 
input ground motion intensity, pile type and pile group size, but relatively 
less influenced by structural mass.  This is likely due to the fact that 
variations in the structural mass are typically much smaller compared to 
the mass of the soil enclosed within the foundation.   
(e) Furthermore, the resonance period and resonance amplification factor of 
the pile-raft-soil system were found to be well correlated to the stiffness-
to-mass ratio and the nominal critical damping coefficient of the system 
respectively.   
 
(2) Pile bending moment response  
(a)  From the comparison of maximum pile bending moment profiles between    
2×1 sparse and 2×1 compact pile-raft models, it is observed that larger pile 
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spacing leads to larger pile bending moment response. This suggests that 
increased pile-to-pile interaction leads to a reduction in the dynamic forces 
exerted on the piles from the surrounding soil.  
(b) On the other hand, the difference in maximum pile bending moment 
profiles between 4×3 and 2×3 pile-raft models suggests that a larger 
number of piles in a pile group generally results in smaller pile bending 
moments. This may be in part due to the smaller inertial force/pile 
imposed on the individual pile head arising from more piles being present 
beneath the same raft.   
(c)  Pile bending moment was also observed to approximately linearly increase 
with the peak base acceleration, as well as the increasing structural mass.  
(d)  For solid aluminum piles, the maximum bending moment profiles between 
outer and inner piles are somewhat different and the “shadowing effect” is 
quite evident.  However, for hollow steel piles, the piles are comparatively 
more flexible; the outer and inner piles have the similar maximum pile 
bending moment response and the “shadowing effect” is not as evident. 
This may be due to the fact that the solid aluminum piles are much stiffer 
and located at a relative smaller pile spacing, which induces more 
pronounced pile-soil and pile-to-pile interactions, thus leading to the 
different responses exhibited by the outer and inner piles. On the other 
hand, the outer and inner piles in the 4×3 hollow steel pile group exhibit 
quite similar responses due to the comparatively less significant pile-soil 
and pile-to-pile interactions.  
(e)  The maximum bending moment profiles of flexible piles generally cross 
over into the negative range at depths of about 6 m to 7 m, which are 
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shallower than those of the solid aluminum piles (10 m or larger).  Also, 
the flexible piles have generally larger negative bending moments at 
deeper depths, although the maximum bending moments near the pile head 
are much smaller than the stiffer piles. This suggests that, for very flexible 
piles, the inertial effects imposed on the pile from the superstructure 
attenuates very rapidly with depth, and hence kinematic forces imposed 
from the surrounding soils onto the flexible piles becomes more dominant 
at greater depths.  
(f)  It was observed that there is a critical stiffness-to-mass ratio (about 20), 
which may be translated into a critical number of piles in the pile group, 
beyond which the maximum bending curvature of the individual piles 
reduce very slowly or remain approximately constant. Combined with the 
approximately linear response highlighted in point (c), this can serve as a 
useful tool to obtain quick, first-order estimates of the maximum seismic 
pile bending moment for pile-raft systems embedded in soft soils.  
        
Although the results from a series of 33 centrifuge tests have been 
presented and discussed in this chapter, the various factors influencing the raft 
acceleration and pile bending moment responses have yet to be fully 
investigated.  While it is possible to carry out additional centrifuge tests to 
obtain more data, such an approach is quite time-consuming and not feasible 
within the time-line of this research study.  Hence, a more efficient and cost-
effective approach was adopted, in which numerical simulations were 
performed to study the influence of various other factors on the seismic pile-
raft response.  The results of these numerical simulations are presented and 
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discussed in Chapters 5 and 6.  In Chapter 5, a series of 3-D finite element 
analyses were carried out, and the results validated against the centrifuge tests 
discussed in this chapter.  The finite element analyses incorporate a user-
defined soil model subroutine that captures both the hyperbolic non-linearity 
of the soil response and the hysteretic behavior under repeated loadings.  
Subsequently, the 3-D numerical simulations will be extended to perform a 
series of comprehensive parametric studies in Chapter 6. 
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Table 4.1 Different piles used in the present and previous studies (prototype scale) 
Pile type                          Outer / Inner              Length                Mass                    Flexural  Rigidity EI  
                                        Diameter (m)               (m)                  (tonne)                            (kNm2) 
Solid aluminum                       1                           14                     29.7                           3,436,117 
Hollow steel                       0.5 /0.4                      14                       7.8                              380,378 
Hollow steel *                    0.9/0.8                       13                     13.6                           2,544,290 
Hollow steel**                   0.5/0.4                      13                       7.2                              380,377 
*  used by Banerjee (2009);  ** used by Ma (2010)  
 
Table 4.2 Structural mass used in the present and previous studies (prototype scale) 
Structure type 
Structural mass (tonne) 
Banerjee (2009) & Ma (2010)                  Present study 
Raft                                                            368                                        334 
Raft + added mass-1                                  605                                        597 
Raft + added mass-2                                  863                                        859 
Raft + added mass-3                                  Nil                                       1022 
  













2 long-duration-Medium 0.0615 
3 long-duration-Large 0.1576 
4 short-duration-Small 0.0135 
5 short-duration-Medium 0.0562 
6 short-duration-Large 0.1345 
7 2×1 Sparse 
long-duration-Medium 0.0615 Solid aluminum 152 
8 2×1 Compact 




Solid aluminum 334 11 long-duration-Medium 0.0615 
12 long-duration-Large 0.1576 
13 long-duration-Medium 0.0615 Solid aluminum 597 
14 long-duration-Medium 0.0615 Solid aluminum 859 
15 long-duration-Medium 0.0615 Solid aluminum 1022 
16 short-duration-Small 0.0135 
Solid aluminum 334 17 short-duration-Medium 0.0562 
18 short-duration-Large 0.1345 
19 short-duration-Medium 0.0562 Solid aluminum 597 
20 short-duration-Medium 0.0562 Solid aluminum 859 
21 short-duration-Medium 0.0562 Solid aluminum 1022 
22 long-duration-Small 0.0112 
Hollow steel 334 23 long-duration-Medium 0.0615 
24 long-duration-Large 0.1576 
25 long-duration-Medium 0.0615 Hollow steel 597 
26 long-duration-Medium 0.0615 Hollow steel 859 
27 long-duration-Medium 0.0615 Hollow steel 1022 
28 short-duration-Small 0.0135 
Hollow steel 334 29 short-duration-Medium 0.0562 
30 short-duration-Large 0.1345 
31 short-duration-Medium 0.0562 Hollow steel 597 
32 short-duration-Medium 0.0562 Hollow steel 859 
33 short-duration-Medium 0.0562 Hollow steel 1022 
*  PBA: peak base acceleration, mstr: structural mass 














      (c) 2×3 pile-raft system                                                     (d) 4×3 pile-raft system 
*The piles shaded in black and red were instrumented to measure the bending strains 








            (a)  PPT at Depth 4 m         (b) PPT at Depth 8 m           (c) PPT at Depth 12 m 































































































Figure 4.4 PPT readings during the long-duration, small ground motion event (Test 1) 
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Figure 4.6 PPT readings during the long-duration, large ground motion event (Test 3) 
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(a) long-duration, medium shaking                        (b) short-duration, medium shaking 
     (Test 2)                                                                    (Test 5) 
 
Figure 4.10 Measured clay base acceleration time histories for the long- and short-
duration, medium ground motion events (Tests 2 and 5) 
 
 
Figure 4.11 Clay base acceleration response spectrum for the long- and short-duration 























































Long-duration, edium shaking  
















































              (a) long-duration, medium shaking        (b) short-duration, medium shaking  
                    (Test 2)                                                  (Test 5) 
 
Figure 4.12 Clay-base acceleration FFT spectra for the long- and short-duration 







              (a) long-duration, medium shaking        (b) short-duration, medium shaking  
                    (Test 2)                                                   (Test 5) 
 
Figure 4.13 Measured acceleration time histories at clay surface (Tests 2 and 5) 
 
 
Figure 4.14 Comparison of response spectra between accelerations measured at clay 























































































































              (a) long-duration, medium shaking        (b) short-duration, medium shaking  
                    (Test 2)                                               (Test 5) 
 
Figure 4.15 Comparison of clay surface acceleration FFT spectrum between the long- 









 (a) long-duration ground motion                (b) short-duration ground motion 
                    (Tests 1, 2 and 3)                                         (Tests 4, 5 and 6) 
 
 
Figure 4.16 Comparison of clay surface acceleration response spectrum for different 
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 (a) long-duration ground motion                (b) short-duration ground motion 
                    (Tests 1, 2 and 3)                                         (Tests 4, 5 and 6) 
 
Figure 4.17 Clay-surface acceleration amplification curves for the long- and short-




Figure 4.18 Comparison of resonance and direct surface amplification response for 
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Figure 4.19 Surface acceleration resonance period versus peak base acceleration, for a 
pure kaolin clay bed subjected to both long and short duration ground 








                           (a) Time history                         (b) Response spectrum (5% damping) 
 
Figure 4.20 Acceleration response at raft top for 2×1 sparse aluminum pile group 









(a) 2×1 sparse (Test 7) versus 2×1 compact (Test 8)        (b) 2×3 (Test 9) versus 4×3 (Test 11) 
Figure 4.21 Raft acceleration response spectra (5% damping) for different pile-raft 
systems subjected to the long-duration, medium ground motion (Tests 7, 









































































































































Figure 4.22 Raft acceleration amplification curves for different pile-raft systems 



































































* ΣEpIp: total pile flexural rigidity of pile group, mstr: mass of raft, lp: pile length 
 
Figure 4.24 Influence of stiffness-to-mass ratio on raft resonance period (long-












* ΣEpIp: total pile flexural stiffness of pile group, mstr: mass of raft, lp: pile length 
 
Figure 4.25 Influence of stiffness-to-mass ratio on the peak raft acceleration 


















3)  (s-2) 
Measured resonance period
Theoretical natural period
2×1 sparse, 2×1 

























3)  (s-2) 
Resonance
Direct
2×1 sparse, 2×1 compact 
2×3         
 
4×3 




















(b) Response spectra for free-field clay surface and raft accelerations 
Figure 4.26 Comparison of acceleration response at raft top (4×3 aluminum) and free 











































































Raft-4×3 aluminum pile group 






















Figure 4.27 Comparison of raft acceleration response spectrum (5% damping) for 4×3 
aluminum and hollow steel pile groups subjected to both long- and short-








(a) 4×3 aluminum, long-duration shaking        (b) 4×3 hollow steel,  long-duration shaking 
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(c) 4×3 aluminum, short-duration shaking      (d) 4×3 hollow steel, short-duration  shaking 
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Figure 4.28 Raft acceleration spectral amplification curves for 4×3 aluminum and 
hollow steel pile-raft models subjected to both long- and short-duration 








(a) 4×3 aluminum, long-duration shaking     (b) 4×3 hollow steel,  long-duration shaking 
     (Tests 10, 11 and 12)                                     (Tests 22, 23 and 24) 
 
(c) 4×3 aluminum, short-duration shaking     (d) 4×3 hollow steel, short-duration shaking 




































































































































(a) Resonance amplification factor                 (b) Direct amplification factor 
 
Figure 4.29 Influence of peak base acceleration on raft acceleration amplification 
factor for 4×3 aluminum and hollow steel pile-raft models subjected to both 
long- and short-duration small, medium and large ground motions (Tests 














Figure 4.30 Raft resonance period versus peak base acceleration for 4×3 aluminum and 
hollow steel pile-raft models subjected to both long- and short-duration 
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(a) 4×3 aluminum, long-duration shaking        (b) 4×3 aluminum, short-duration shaking 
     (Tests 10, 11 and 12)                                           (Tests 16, 17 and 18) 
 
(c) 4×3 hollow steel, long-duration shaking         (d) 4×3 hollow steel, short-duration shaking 
     (Tests 22, 23 and 24)                                              (Tests 28, 29 and 30) 
y = 1.778x0.9736 
















































Peak base acceleration (g) 
y = 1.6142x0.9422 
R² = 0.9212 
y = 1.4951x0.9088 























Peak base acceleration (g) 
y = 1.5011x0.9054 
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Figure 4.32 Comparison of raft acceleration response spectrum (5% damping) for 4×3 
aluminum and hollow steel pile groups with different structural masses, 































































(a) 4×3 aluminum, long-duration medium         (b) 4×3 hollow steel,  long-duration medium 
     (Tests 11, 13, 14 and 15)                                      (Tests 23, 25, 26 and 27) 
 
(c) 4×3 aluminum, short-duration medium             (d) 4×3 hollow steel, short-duration medium 














































































Figure 4.33 Raft acceleration amplification curves for 4×3 aluminum and hollow steel 
pile groups with different structural masses, subjected to both long- and 





















































































































(a) 4×3 aluminum, long-duration medium        (b) 4×3 hollow steel,  long-duration medium 
     (Tests 11, 13, 14 and 15)                                    (Tests 23, 25, 26 and 27) 
 
(c) 4×3 aluminum, short-duration medium        (d) 4×3 hollow steel, short-duration medium 
     (Tests 17, 19, 20 and 21)                             (Tests 29, 31, 32 and 33) 
 











(a) Resonance amplification factor      (b) Direct amplification factor 
Figure 4.34 Influence of combined raft + added mass on amplification factor of raft 
acceleration (long- and short-duration medium ground motions, Tests 11, 




Figure 4.35 Influence of combined raft + added mass on raft resonance period (long- 
and short-duration medium ground motions, Tests 11, 13-15, 17, 19-21, 
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  (a) 4×3 Aluminum, long-duration medium       (b) 4×3 Aluminum, short-duration medium 
       (Tests 11, 13-15)                                               (Tests 17, 19-21) 
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Added masses (tonne) 
(c) 4×3 Hollow steel, long-duration medium  (d) 4×3 Hollow steel, short-duration medium 
     (Tests 23, 25-27)                                              (Tests 29, 31-33) 
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Figure 4.37 Influence of peak base acceleration on raft resonance period: Comparison 
between the present and previous studies (short-duration ground motions) 
 
 
Figure 4.38 Influence of combined raft and added mass on raft resonance period: 
Comparison between the present and previous studies (short-duration 
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Flexible 4×3 pile group-present study
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Raft + added mass (tonne) 
Flexible single pile-Ma (2010)
Flexible 4×3  pile group-present study
Stiff single pile-Banerjee (2009)
Stiff 4×3  pile group-present study
Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 
















Figure 4.39 Influence of stiffness-to-mass ratio on raft resonance period, using data 




Figure 4.40 Influence of peak base acceleration on raft resonance amplification factor: 



























Flexible single pile-Ma (2010)
Flexible 4×3 pile group-present study
Stiff single pile-Banerjee (2009)
Stiff 4×3 pile group-present study
Best fitting line
y = 2.1901x-0.133 





























Peak base acceleration (g) 
Stiff 4×3 pile group-present study
Stiff single pile-Banerjee (2009)
Flexible single pile-Ma (2010)
Flexible 4×3 pile group-present study
Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   Flexible 4×3 pile group: 0.5 m diameter 4×3 hollow steel pile group; 










Figure 4.41  Influence of combined raft and added mass on resonance amplification 
factor of raft acceleration: Comparison between present and previous 








Figure 4.42 Influence of the critical damping coefficient on the resonance 
amplification factor of raft acceleration, using data from both the 

































Raft + added mass (tonne) 
Stiff 4×3  pile group-present study
Stiff single pile-Banerjee (2009)
Flexible 4×3  pile group-present study






























Nominal critical damping coefficient (kNs/m) 
Stiff 4×3 pile group-present study
Stiff single pile-Banerjee (2009)
Flexible 4×3 pile group-present study
Flexible single pile-Ma (2010)
Best fitting line
y = 0.051x0.4726 
R² = 0.8997 
Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   Flexible 4×3 pile group: 0.5 m diameter 4×3 hollow steel pile group; 











 ,  in which ΣEpIp is total pile flexural stiffness of pile group, mstr is mass 
































Figure 4.43 Typical measured bending moment time histories for the outer pile of the 
4×3 hollow steel pile-raft model subjected to long-duration medium 



























































































































































































Figure 4.44 Typical measured bending moment time histories for the inner pile of the 
4×3 hollow steel pile-raft model subjected to short-duration medium 









































































































































































Figure 4.45 Measured maximum pile bending moment profiles for 2×1 sparse and 
2×1 compact aluminum pile-raft models subjected to the long-duration 
medium ground motion (Tests 7, 8) 
 










         (a) 2×1 compact versus 2×3                                    (b) 2×3 versus 4×3 
Figure 4.46 Measured maximum pile bending moment profiles for 2×1 compact, 2×3 
and 4×3 aluminum pile groups subjected to the long-duration medium 























































































Figure 4.47 Measured maximum pile bending moment profiles for the 4×3 aluminum 
pile-raft model subjected to the long-duration small, medium and large 
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Figure 4.48 Measured maximum pile bending moment profiles for the 4×3 aluminum pile 
group subjected to the short-duration small, medium and large ground motions 
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Figure 4.49 Measured maximum pile bending moment profiles for the 4×3 hollow 
steel pile-raft model subjected to the long-duration small, medium and 
large ground motions (Tests 22, 23, 24) 
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Figure 4.50 Measured maximum pile bending moment profiles for the 4×3 hollow 
steel pile-raft model subjected to the short-duration small, medium and 
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Figure 4.51 Variation of maximum measured pile bending moment with peak base 
acceleration for the 4×3 aluminum pile-raft models (Tests 10-12, 16-18) 
 
 
Figure 4.52 Variation of maximum measured pile bending moment with peak base 
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          (c) Raft+Mass-2                                                       (d) Raft+Mass-3 
 
Figure 4.53 Maximum pile bending moment profiles for the 4×3 aluminum pile-raft 
models with different added masses, subjected to the long-duration 
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                (c) Raft+Mass-2                                                        (d)  Raft+Mass-3 
 
Figure 4.54 Maximum pile bending moment profiles for the 4×3 aluminum pile-raft 
models with different added masses, subjected to the short-duration 






























































































      












                        (c) Raft+Mass-2                                                      (d) Raft+Mass-3 
Figure 4.55 Maximum pile bending moment profiles for the 4×3 hollow steel pile-raft 
models with different added masses, subjected to the long-duration 
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                      (c) Raft+Mass-2                                                    (d) Raft+Mass-3 
Figure 4.56 Maximum pile bending moment profiles for 4×3 hollow steel pile-raft models 
with different added masses, subjected to the short-duration medium ground 
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Figure 4.57 Variation of maximum measured pile bending moment with the added 
masses for the 4×3 aluminum and hollow steel pile-raft models 




Figure 4.58 Variation of maximum measured pile bending moment with the added 
masses for the 4×3 aluminum and hollow steel pile-raft models 








































































































Figure 4.59 Comparison of maximum bending moment profile between the present 






Figure 4.60 Maximum measured bending moment versus peak base acceleration, 
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Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 





Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 


















































 (a) Stiff pile, short-duration large (Test 18)          (b) Flexible pile, short-duration large (Test 30) 
 







Figure 4.61 Maximum measured bending moment versus added masses, using data 







Figure 4.62 Maximum measured pile bending curvature versus stiffness-to-mass ratio, 
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Stiff single pile: 0.9 m diameter hollow steel single pile;    Flexible single pile: 0.5 m diameter hollow steel single pile; 











CHAPTER 5 NUMERICAL SIMULATIONS OF  
SEISMIC PILE-RAFT-SOIL INTERACTION 
 
5.1 Introduction        
        In the previous chapter, the experimental results from centrifuge tests 
involving seismic pile-raft-soil interaction were presented and discussed, 
focusing mainly on the raft accelerations and pile bending moment responses.  
In order to further investigate and better understand the seismic pile-raft-soil 
response, it is necessary and useful to extend the work via numerical 
simulations into other scenarios which cannot be easily realized through 
physical experiments.  
        In this chapter, the numerical modeling features used in this study are 
first introduced.  These involve carrying out three-dimensional dynamic finite 
element analyses of pile-raft-soil systems subjected to base excitations. As 
these involve highly complex and nonlinear interaction between the pile-raft 
system and the surrounding soil, proper validation of the numerical analyses 
against experimental measurements is essential before the approach is 
accepted and extended to general cases where experimental data is not 
available.  In this study, the numerical validation of the finite element analyses 
is carried out for the centrifuge experiments presented and discussed in 
Chapter 4.    
        Before presenting and discussing the results from the validation analyses, 
some important numerical modelling techniques are first introduced as follows. 
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5.1.1 Lateral Boundary Condition 
        In the numerical simulation of pile-raft-soil systems subjected to seismic 
base shaking, the lateral boundaries perpendicular to the shaking direction 
should ideally be located sufficiently far away from the pile-raft structure so as 
to minimize the reflection of seismic wave energy from the boundaries which 
may interfere with the already complex wavefield present in the system.  
However, modeling the full lateral extent of the soil needed to avoid boundary 
effects is often not computationally efficient 
        Numerous types of absorbing boundaries have been proposed to simulate 
the energy radiation through the truncated boundaries of the numerical model.  
These include the viscous boundary (Lysmer and Kuhlemeyer, 1969; Bentley 
and El Naggar, 2000; Chu, 2006; Alsaleh and Shahrour, 2009; Isam et al., 
2012; Tabatabaiefar et al., 2013), infinite element boundary (Kim and Yun, 
2003; Seo et al., 2006; Noorzad et al., 2008) and some other types of 
transmitting boundary (Liao and Wong, 1984; Kellezi, 2000; Lee et al., 2011). 
However, most of these methods work best when the material at the boundary 
behaves in a linear elastic manner.  When plastic yielding occurs at or near to 
the model boundary, the performance of such transmitting boundaries could be 
adversely affected. 
        For seismic analyses involving vertical shear wave propagation through 
relatively level ground, a relatively straightforward approach to minimize 
boundary reflection effects is to tie the vertically collocated nodes on the two 
vertical faces of the mesh perpendicular to the shaking direction using rigid 
rod elements. In doing so, the corresponding nodes on these two faces are 
constrained to undergo the same motion in the direction of shaking.  Such an 
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approach was adopted by Lu (2006), Banerjee (2009), Ma (2010) and  Zhao 
(2013), among others.  This method is especially suitable for replicating the 
conditions in a soil-structure system tested in a laminar box subjected to base 
shaking under 1g or high-g conditions. In this study, the use of rigid tie-rods to 
enforce identical motions of the two boundary faces perpendicular to the 
shaking direction is adopted. 
 
5.1.2 Element Size 
        In finite element analysis, element size considerations are important as 
they affect the computational time and resources required for the simulations. 
For most types of stress and deformation analysis, it is generally accepted that 
the smaller the elements, the more accurate would be the computed results 
obtained from the calculations. However, for a given domain, this may result 
in a very fine mesh that would require an excessive computational time and a 
very large memory capacity.  This problem is further exacerbated for dynamic 
analysis, the calculations for which usually require several hundreds or 
thousands of small time steps in the solution process. 
        In order to perform wave propagation analysis more efficiently without 
unduly compromising its computational accuracy, it is widely accepted that 
the element size should be appropriately related to the dominant wavelength 
associated with the dynamic excitation. Different recommendations have been 
made in this regard concerning the element number per wavelength for 
obtaining accurate numerical results.  For example, Thompson and Pinsky 
(1994) suggested that the appropriate element number per wavelength should 
be 2; Semblat and Brioist (2000) recommended a range of element number per 
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wavelength from 5 to 10; Ichimura et al. (2009) proposed an element number 
per wavelength  of 10. Similar suggestions  were also given by Komatitsch 
and Tromp (1999), Moser et al. (1999) and Marburg (2002).  Although there 
are some variations among these suggestions, it is quite commonly accepted 
that the element number per wavelength of 10 is large enough to achieve 
reasonably accurate results from the wave propagation analysis. 
         According to Leong et al. (2003) and Pan et al. (2011), the shear wave 
velocity in soft Singapore marine clay ranges from 120 m/s to 160 m/s. Also, 
for far-field earthquake sources in Sumatra located more than 350 km away 
from Singapore, the frequencies of the highly attenuated ground motion 
arriving in Singapore are generally smaller than 2 Hz (Pan et al., 2011). Such 
frequencies correspond to a wavelength of 60 m associated with the slowest 
shear wave velocity of 120 m/s.  By adopting an element number per 
wavelength of 10 as discussed previously, it follows that the maximum 
element length along the wave propagation direction should not exceed 6 m.  
This criterion is satisfied in the finite element analyses carried out in this study, 
in which the maximum element dimensions in the vertical direction are about 
1.5 m and 1 m in the 3-D and 2-D models, respectively.     
 
5.1.3 Time-step Increment 
        As will be discussed in Section 5.1.5, the numerical studies in this study 
were performed using the general purpose finite element program ABAQUS.  
This program offers the choice of using either an implicit or explicit solution 
scheme in the analysis. The explicit solution scheme is adopted in this study as 
Chapter 5 Numerical Simulations of Seismic Pile-raft-soil Interaction 
155 
 
it provides significant computational time savings, especially when carrying 
out 3-D dynamic analyses.    
        In order for the explicit time-stepping solution scheme to be stable, the 
Courant number should be less than or equal to 1, which can be expressed as 
follows: 







                                                   (5.1) 
where  v is the wave propagation velocity; 
           x is a characteristic element length or shortest element length; 
           t  is the time increment. 
       In this study, the shortest element length x  is 0.25 m , and v is taken as 
160 m/s , which is the upper bound of the shear wave velocity in Singapore 
marine clay. Substituting the values of v and x  into Equation 5.1 leads to the 
following time-step criterion for numerical convergence: 
                                   31.56 10t     s 
        However, it should be noted that numerical convergence or stability does 
not ensure numerical accuracy of the computed results.  Given that earthquake 
motions are highly nonlinear and complex, it follows that the time-step 
increment required to achieve numerical accuracy should be even smaller than 
1.5×10
-3
 s.  Based on preliminary numerical trial analyses carried out in this 
study, it was found that a time-step increment of 2.5×10
-5 
s or smaller is 
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5.1.4 Pile Modelling 
         Based on the measured pile bending moment responses discussed in 
Chapter 4, it is reasonable to assume that the pile behavior observed in the 
centrifuge tests lies within the elastic regime over the shaking duration.  The 
same assumption was also made by Boulanger et al. (1999) in their seismic 
soil-pile-structure centrifuge experiments and analyses. Hence, in the present 
numerical analyses, the piles are modeled as linear elastic material. This is 
consistent with previously reported studies of soil-pile interaction, wherein the 
piles are often modeled as linear elastic structures (e.g. Finn and Fujita, 2002; 
Jeremic et al., 2009; Rovithis et al., 2009; Banerjee, 2009; Sica et al., 2011; 
Isam et al., 2012; Zhao, 2013).  
        There are generally three methods of modelling piles in numerical 
analysis. 
(a) Beam Element 
        This method uses 2-node or 3-node beam elements to model the piles (e.g. 
Rovithis et al., 2009; Jeremic et al., 2009; Rahmani and Pak, 2012;  Isam et al., 
2012). The key merits of using this method are the simplicity of modelling the 
pile using just 2 or 3 nodes and the ease and convenience of obtaining the 
bending moments and shear forces in the pile. The main limitation of this 
method is that the finite pile volume and the associated interaction between the 
soil and the pile periphery are not fully accounted for. 
 
(b) Solid Element 
        This approach employs solid elements to model the piles (e.g. Lu, 2006; 
Zhao, 2013), which captures the pile dimensions more realistically. The main 
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shortcoming of this method is that the bending moments and shear forces in 
the piles cannot be obtained directly. For example, Lu (2006) mapped the 
computed profile of the pile displacements along its central axis obtained from 
the 3D solid-element model to an equivalent column of beam elements 
representing the pile in order to calculate the axial forces and bending 
moments using the program SAP2000.  Zhao (2013) developed a procedure to 
calculate the pile bending moments by integrating the product of normal 
stresses (axial stresses) and distance to the axis of interest with respect to the 
area, at all Gauss points within the cross-section.  
 
(c) Hybrid Modelling Method  
        This approach combines the above two methods, in that it models the pile 
as beam elements embedded within solid elements (Zhang et al., 2000; 
Banerjee, 2009; Ma, 2010). The beam elements and solid elements share the 
flexural stiffness of the pile according to some prescribed ratio.  The main 
merits of using this method are that (a) it can better account for the pile 
volume effect than the beam element method and (b) pile bending moments 
and shear forces can be conveniently obtained from the embedded beam 
elements. In the present study, such a hybrid pile modelling method was 
adopted, in which both the pile flexural stiffness and mass are shared by the 
surrounding solid and embedded beam elements according to the ratio 9:1. 
 
5.1.5 Pile-soil Interface 
        To account for the possible gapping and slippage between the pile and 
soil during seismic shakings, a number of numerical modelling techniques 
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have been proposed. For example, Chau et al. (2009) set up a 2-D finite 
element model with nonlinear gap elements between pile and soil, using the 
program SAP2000 to simulate the shaking table test on a 2×2 pile group 
embedded in liquefiable soils. By using contact elements at the soil-pile 
interface, Sarkar and Maheshwari (2012) investigated the effects of separation 
and slippage between soil and pile on the behavior of soil-pile interaction in 
liquefiable soils.  Similar approaches were also used by Cai et al. (2000), 
Maheshwari  et al. (2004b) and  Manna and Baidya (2010). In addition, using 
the dynamic p-y method,  Boulanger et al. (1999) and Brandenberg et al. 
(2013) accounted for the interaction between pile and liquefiable soil via the 
use of elastic, plastic and gap components arranged in series.  A similar 
method was also employed by El Naggar et al. (1995, 2004). 
        However, it appears that the most common approach is to assume that 
possible slippage or gapping between the pile and soil can be neglected.  
Hence the pile and soil elements are modelled as sharing the same nodes at the 
interface between the pile circumference and the soil. This method has been 
successfully applied in numerical pile-soil interaction analyses, such as those 
reported by Maheshwari et al. (2004a), Alsaleh and Shahrour (2009), Rovithis 
et al. (2009), Banerjee (2009), Dai and Roesset (2010), Ma (2010) and Zhao 
(2013). 
        In this study, careful post-test removal of the clay surrounding the pile-
raft structure did not indicate the development of any gap or slippage between 
the pile and soil.  This suggests that the assumption of perfect bonding 
between the pile and soil in the numerical simulations of the centrifuge tests is 
not an unreasonable one.  For this reason, no contact or interface elements 
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were adopted in this study, and the soil and pile elements were assumed to be 
perfectly bonded at the soil-pile interface. 
 
5.1.6 Soil Constitutive Model Used in This Study 
        Based on a series of cyclic triaxial and resonant column tests, Banerjee 
(2009) proposed a hyperbolic-hysteresis model for kaolin clay subjected to 
dynamic loading.  This model was derived from a hyperbolic framework used 
by Nasim (1999) to describe the backbone curve relating the deviator stress to 
the shear strain.  The degradation of this backbone curve under cyclic or 
repeating loading follows the equation proposed by Idriss et al. (1978). At the 
same time, the recommendations of Masing (1926) and Pyke (1979) were 
incorporated into the model to account for the hysteretic behavior of the soil.   
        The basic shear stress-strain relationship for this hyperbolic-hysteresis 
model is shown in equation 5.2, which is also illustrated in Figure 1.9. 
 
       




where  q and s are the current shear stress and strain, respectively; 
           1rq , 2rq  are the respective shear stresses at the reversal points; 
           1r , 2r  are the respective shear strains at the reversal points; 
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           fq  is the shear stress at failure.  
        For normally consolidated kaolin clay, the small-strain shear modulus can 
be expressed by the following equation (Banerjee, 2009), modified from 
Viggiani and Atkinson (1995):  
                                       
0.653
'
max 02060G p                                                (5.3) 
where '
0p  is the initial mean effective normal stress. 
        The shear stress at failure fq  can be denoted by the following equation 






                                                            (5.4) 
where M is the slope of critical state line, and n is a parameter which can be 
obtained from 1-D consolidation or triaxial tests. 
        The degradation index , which is a measure of the degradation of shear 
modulus due to cyclic loading, can be expressed as: 









                                                       (5.5) 
 where sNG  and 1sG are the secant shear modulus associated with the peak 




 cycles, respectively; 
            N is the cycle number of cyclic loading; 
            t is the damage parameter, which can be obtained from triaxial test 
results. 
 
        Initially, Banerjee (2009) coded this hyperbolic-hysteresis model into a 
ABAQUS UMAT subroutine for analyzing  the performance of single pile-raft 
systems embedded in a kaolin clay bed.    The UMAT subroutine in ABAQUS 
works for the implicit time integration scheme, which generally requires a 
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much longer computational time and a larger on-board memory.  While such 
requirements are manageable for the single pile model of Banerjee’s study, 
they result in a very heavy demand on the computational time and memory 
resources when applied to the analyses of the 4x3 pile-raft-soil systems in this 
study.  Hence, given the constraints of the implicit solver, it was decided to 
adopt the explicit solution approach for carrying out the numerical simulations 
of the larger pile-raft-soil systems in this study.  Accordingly, the hyperbolic-
hysteresis model was re-coded into a VUMAT subroutine.   
 
5.2 Numerical Simulation of Free-field Soil Response  
        The first stage of the model validation process involves the numerical 
simulation of a pure clay bed subjected to seismic base excitation, in the 
absence of any pile-raft structure.  For this purpose, the centrifuge tests 
presented and discussed in Section 4.3 are adopted as the reference 
experiments for comparison with the numerical results, with particular 
emphasis on the free-field clay surface accelerations. 
         In the absence of any pile-raft, a 2-D plane strain model was set up to 
simulate the centrifuge experiment involving the pure kaolin clay bed 
contained in the laminar box and subjected to base excitation as discussed in 
Section 4.3. Figure 5.1 shows the plane strain model that was set up in 
ABAQUS 6.11, which contains 960 CPE4R elements and 1037 nodes.   In 
ABAQUS, the CPE4R element is a 4-node bilinear reduced integration plane 
strain element with hourglass control. 
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5.2.1 Pure Kaolin Clay Stratum Subjected to Long-duration Small, 
Medium and Large Ground Motions 
 
        For the medium long-duration input ground motion shown in Figure 
5.2(a), it can be seen that the strong shaking generally occurs within the period 
from about 200 s to 380 s, with the maximum value  occurring at about the 
time t360 s. Outside this time window, the acceleration values are quite small. 
As presented in Chapter 4, the measured acceleration time histories at both the 
clay surface and the raft top (e.g. Figures 4.13(a), 4.20(a), 4.26(a)), as well as 
the measured bending moment time histories at different depths (e.g. Figure 
4.43), also show this similar trait. If the numerical simulations for the long-
duration ground motion can be carried out using the 180s time history window 
shown in Figure 5.2(b), instead of the full 800s, significant savings in 
computational time and memory resources can be achieved.  As a preliminary 
check,  Figure 5.2(c) shows that the acceleration response spectrum for the full 
800s is almost identical to that generated using the truncated 180s time history 
window, for the medium intensity ground motion.   
        With the finite element model shown on Figure 5.1, numerical 
simulations were carried out separately using as base input:  (i) the full 800s 
long duration medium ground motion shown on Figure 5.2(a), and (ii) the 
truncated ground motion history shown on Figure 5.2(b).   Figures 5.3(a) and 
(b) plot the calculated acceleration time histories at Point A on the clay surface 
arising from (i) the full 800s and (ii) the truncated 180s input base motions 
respectively. In Figure 5.3(a), only the computed accelerations extracted 
between 200s to 380s are plotted, even though the calculations were carried 
out for the full 800s.  As can be seen, the computed acceleration time histories 
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at Point A obtained using both the full and truncated base motions are almost 
identical.  Figure 5.3(c) plots the corresponding response spectra of the 
computed accelerations at Point A on the clay surface.  Again there is very 
good agreement between the response spectra obtained using the full duration 
base motion and the truncated base motion.   
        The time histories and the response spectra comparisons shown in Figure 
5.3 indicates that the truncated base motion containing only the 180s window 
of strong shaking can reasonably represent the original full-duration ground 
motion. Hence, hereafter, all numerical simulations in this study involving the 
small, medium and large long duration ground motions will be carried out 
using the corresponding truncated histories containing just the 180s window of 
strong shaking.   
        Figures 5.4, 5.5, and 5.6 plot the computed and measured centrifuge 
acceleration time histories at Point A on the clay surface, as well as the 
corresponding response spectra, for a pure kaolin stratum subjected to long-
duration small, medium and large ground motions, respectively. Despite some 
discrepancies between the centrifuge test and numerical results, the numerical 
simulations can generally replicate the free-field acceleration responses quite 
well. The differences between the numerical predictions and centrifuge 
measurements for the peak clay surface accelerations are about 7%, 5% and 10% 
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5.2.2 Pure Kaolin Clay Stratum Subjected to Short-duration Small, 
Medium and Large Ground Motions 
 
         Figures 5.7, 5.8 and 5.9 plot the computed and measured centrifuge 
acceleration time histories at Point A on the clay surface, as well as the 
corresponding response spectra, for a pure kaolin stratum subjected to short-
duration small, medium and large ground motions, respectively.  Similarly, 
although there are some discrepancies between the numerical predictions and 
centrifuge measurements, the numerical simulations can generally capture 
quite well the trend of the clay surface acceleration time histories as well as 
the corresponding response spectra. The differences between the numerical 
predictions and centrifuge measurements for the peak clay surface 
accelerations are about 1%, 10% and 14% for the small, medium and large 
ground motions, respectively. 
 
        From the results presented and shown in this section, it is seen that the 
computed ground acceleration responses obtained from ABAQUS explicit 
finite element analysis with the VUMAT subroutine show favorable 
agreement with the centrifuge test results, for a pure kaolin sample with no 
structure present subjected to both  long- and short-duration ground motions.  
In the following section, the seismic finite element analysis with the 
hyperbolic-hysteretic soil model will be extended to simulate more complex 
problems involving a pile-raft system embedded in a uniform kaolin clay 
sample.  The numerical results will be discussed and compared with the 
corresponding centrifuge test results presented in Chapter 4. 
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5.3 Pile-raft-soil Seismic Interaction 
 
        In this section, the raft accelerations and pile bending moment responses 
will be compared between the numerical and centrifuge test results. For 
carrying out the numerical simulations involving pile-raft-soil interaction, 3-D 
finite element models are required. Depending on the pile-raft geometry and 
the ground motion orientation, simplifications of the 3-D model may be 
possible by exploiting symmetry.  
         Figure 5.10 shows the finite element half-model used in this study for the 
numerical simulations of the 4×3 pile-raft-soil system. Similar to the approach 
employed by Banerjee (2009), the piles were modeled using the hybrid 
method in this study, that is, beam elements embedded in solid elements.       
For the raft acceleration response, both the acceleration time history and 
response spectrum from the centrifuge test and numerical simulation will be 
compared.  For the pile bending moment response, the comparisons will be 
mainly presented in the form of computed and measured maximum bending 
moment profiles. 
        Figure 5.11 shows the comparison between the computed and measured 
results for some typical pile bending moment time histories, for both short and 
long duration ground motions.  The good agreement between the computed 
and measured moment histories can be seen for the short duration event shown 
in (a) and (b).  For the long duration events shown in (c) and (d), there is 
favorable agreement between the peak computed and measured bending 
moment values, despite the noisier time histories compared to (a) and (b).  
In the following subsections, the computed raft accelerations and 
maximum pile bending moment profiles from the 3-D finite element analyses 
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will be compared with the experimental measurements obtained from some of 
the centrifuge tests previously considered in Chapter 4. 
 
5.3.1  4×3 Aluminum Pile-raft Model Subjected to Long-duration Small, 
Medium and Large Ground Motions (Tests 10, 11 and 12) 
 
        Figures 5.12, 5.14 and 5.16 plot the computed and measured raft 
accelerations and response spectra for the 4×3 aluminum pile-raft models 
subjected to long-duration small, medium and large ground motions, 
respectively, without any added masses. There is generally good agreement 
between the computed and measured raft accelerations, especially for the 
medium and large ground motions (Figures 5.14 and 5.16), where the 
discrepancy between the numerical and centrifuge results is less than 5% for 
both the maximum acceleration value and the peak spectral acceleration. For 
the small ground motion, Figure 5.12 shows that the numerical simulation 
underestimates the measured peak acceleration value by about 13% and the 
peak spectral acceleration by about 20%.   
         Figures 5.13, 5.15 and 5.17 plot the computed and measured maximum 
pile bending moment profiles for the 4×3 aluminum pile-raft model subjected 
to long-duration small, medium and large ground motions, respectively.  As 
can be seen, for the long-duration small ground motion event, the maximum 
bending moment profile comparisons for both the outer and inner piles are 
quite satisfactory as shown in Figure 5.13.  For the large ground motion, 
Figure 5.17 shows that there is better agreement between the computed and 
measured maximum bending moment profiles for the outer piles than the inner 
piles.  This suggests that the numerical simulations may overestimate the pile 
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bending moment response for the inner pile, especially for depths within about 
1/4 pile length from the pile head. Similar numerical findings were also 
observed by Huang et al. (2004), who attributed this discrepancy in bending 
moment between inner and outer pile to uneven inertial force transferred from 
superstructure to the supporting piles.  Given that the current tests do not 
involve any superstructure, the numerical over-prediction for the inner pile 
may also be partly due to the method of modeling the pile-soil interaction in 
this study, which does not permit any slippage or gapping between the soil and 
pile. 
 
5.3.2 4×3 Hollow Steel Pile-raft Model Subjected to Long-duration 
Medium and Large Ground Motions (Tests 25, 26 and 27) 
 
        Figures 5.18 and 5.20 plot the computed and measured raft accelerations 
and response spectrum for the 4×3 hollow steel pile-raft model subjected to 
long-duration medium and large ground motions, respectively, without any 
added masses. Figure 5.18(c) shows that the numerical simulation 
overestimates the maximum spectral acceleration by about 20%; despite this, 
Figures 5.18(a)-(b) indicate that the maximum computed and measured 
bending moments at time t  160s is about the same.  For the long-duration 
large ground motion, Figure 5.20 shows that there is good agreement between 
the computed and measured results for both the raft acceleration time histories 
and response spectra.  
        Figures 5.19 and 5.21 plot the corresponding computed and measured 
maximum pile bending moment profiles for 4×3 hollow steel pile-raft model 
subjected to long-duration medium and large ground motions, respectively.  In 
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the upper part of the pile where positive bending moments develop, the 
computed and measured bending moments are quite comparable and the 
crossover point between the positive and negative bending movements is also 
well captured.  Where negative bending moments occur in the lower part of 
the pile, the numerical simulations appear to underestimate the measured 
bending moment response.    
 
5.3.3 4×3 Aluminum Pile-raft Models with Different Added-masses, 
Subjected to Short-duration Medium Ground Motion (Tests 17, 19, 
20 and 21) 
 
        Figures 5.22, 5.24, 5.26 and 5.28 respectively plot the computed and 
measured raft acceleration responses for the 4×3 aluminum pile group models 
without added mass (Test 17, raft only = 334 tonne), with added mass-1 (Test 
19, raft+mass-1 = 597 tonne), with added mass-2 (Test 20, raft+mass-2 = 859 
tonne) and with added mass-3 (Test 21, raft+mass-3 = 1021 tonne), subjected 
to the short-duration medium ground motion. In the numerical analyses, the 
added masses are simulated by increasing the unit weight of the raft, without 
the introduction of additional elements in the model.   
It is observed that, for each of these models with different added masses, 
the computed acceleration time histories and response spectrum compare 
favorably with those obtained from the corresponding centrifuge tests.  Recall 
from Section 4.4.3 that the measured peak raft accelerations in these tests are 
not sensitive to changes in the added masses.  The same trend is observed in 
the numerical results, where the computed time histories and response spectra 
do not vary significantly with the added masses on the raft.   
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Figures 5.23, 5.25, 5.27 and 5.29 respectively plot the computed and 
measured maximum pile bending moment profiles for the 4×3 aluminum pile 
group samples without added mass (Test 17), with added mass-1 (Test 19), 
with added mass-2 (Test 20) and with added mass-3 (Test 21), subjected to 
short-duration medium ground motion.  Figure 5.23 shows that, for the pile-
raft-soil system without any added masses, the computed bending moments 
along both the inner and outer piles are generally larger than the measured 
values.  At the point 3m below the pile head, the computed moments are larger 
than the corresponding measured moments by about 17% and 34% for the 
outer and inner piles respectively.    
Figures 5.25, 5.27 and 5.29 show that the comparisons between the 
computed and measured bending moment profiles for the cases with different 
added masses are quite favorable.  At the point 3m below the pile head, the 
differences between the computed and measured bending moments are 
generally less than 13%, except for the inner pile with added mass-1 and 
added mass-2, where somewhat higher discrepancies of 23% and 20% were 
obtained. 
Previously, the centrifuge results presented and discussed in Section 
4.5.3 showed that the measured maximum bending moment at the uppermost 
strain gauge increases with the added masses applied onto the raft.  Such a 
trend is also reflected in the numerical results plotted on Figures 5.23, 5.25, 
5.27 and 5.29, where the computed maximum bending moments at the 
connection between the pile and raft are also shown to increase with the added 
masses applied on the raft.    
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In Figures 5.23, 5.25, 5.27 and 5.29, increasing the added masses reduce 
the depth at which the crossover from positive to negative bending moment 
occurs.  The development of a larger zone of negative moments near the pile 
base is indicative of a more flexible pile response.  Hence, it appears that the 
inertial force effects from the added masses not only increases the bending 
moments in the piles, but also tend to result in a more flexible pile response. 
 
5.3.4 4×3 Hollow Steel Pile-raft Model Subjected to Short-duration 
Medium and Large Ground Motions (Tests 29 and 30) 
 
        Figures 5.30 and 5.32 plot the computed and measured acceleration 
histories and response spectra for the 4×3 hollow steel pile-raft models 
subjected to the short-duration medium and large ground motions, respectively.  
For the short-duration medium ground motion event shown on Figure 5.30, 
there is generally good agreement between the computed and measured 
acceleration histories and response spectra, except for a slight discrepancy in 
the magnitude of the 2
nd
 peak of the response spectrum.  
For the short-duration large ground motion event shown on Figure 
5.32(a), the computed and measured time histories show reasonably good 
agreement.  However, the response spectra plotted in Figure 5.32(b) shows 
that the numerical simulation has under-predicted some of the higher 
frequency components of the acceleration response. 
        Figures 5.31 and 5.33 plot the computed and measured maximum pile 
bending moment profiles for the 4×3 hollow steel pile-raft models subjected to 
the short-duration medium and large ground motions, respectively.  As can be 
seen, the numerical simulations yield reasonably good predictions of the 
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maximum measured bending moments near the pile head. However, there is 
some under-prediction of the negative bending moment values near the pile-tip. 
         
        Besides, some computed lateral displacement time histories at the raft top 
(equivalent to the pile head) and base were obtained from the 3D finite 
element analyses. These results are presented in Appendix D.  
 
5.4 Influence of Boundary Distance on the Pile-raft Response 
 
        In small-scale centrifuge tests, space constraints necessitate that the pile-
raft structure and surrounding soil mass are contained within a relatively 
compact laminar box. In the absence of the pile-raft, the soil response in the 
laminar box due to horizontal base shaking is representative of those under 
free-field conditions.  However, with the pile-raft in place, a more complex 
wavefield is generated within the laminar box due to the base shaking, which 
may affect the seismic pile-raft response to a degree that is influenced by the 
distance of the lateral boundaries from the structure.  One would expect the 
pile-raft behavior to converge to some ‘representative’ response if the 
boundaries are located sufficiently far from the structure so that free-field 
conditions are allowed to develop near the boundaries.    
In this section, a series of 3D finite element models with different 
distances between the lateral boundaries and the pile-raft structure are set up to 
numerically investigate the influence of the boundary distance on the raft 
acceleration and pile bending moment response.  As the longitudinal section of 
the pile-raft is oriented parallel to the direction of strong shaking, only the 
distance between the raft edge and the boundary normal to the direction of 
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strong shaking is varied.  The distance from the raft edge to the boundary 
parallel to the direction of strong shaking is kept constant. 
As shown in Figures 5.34 and 5.35, five numerical models containing 
the same 2×1 sparse pile-raft system (pile spacing of 9D) but with varying 
raft-to-boundary distances were set up, namely Model-1, Model-2, Model-3, 
Model-4 and Model-5.  The distances between the raft edge and the boundary 
for these five models are 6 m, 12 m, 24 m, 38 m and 96 m, respectively. 
Tables 5.1 and 5.2 provide some key information related to these simulations. 
The pile and raft elements are assigned aluminum properties, which is the 
material used in the centrifuge experiments. The short-duration large ground 
motion was used to excite these five models at the base. 
        The influence of boundary distance on the computed raft accelerations 
and pile bending moments will be examined in the following subsections. 
 
5.4.1 Influence of Boundary Distance on Raft Acceleration Response 
 
Using the computed raft acceleration response from the largest model, 
Model-5, as a reference, Figure 5.36 plots the computed raft acceleration time 
histories for Model-1 to Model-4, together with that of Model-5 for 
comparison in each case. As can be seen, the computed raft acceleration time 
histories obtained using these five models are quite comparable, except for 
some minor discrepancies between the time of 7 s and 10 s.  
Similarly, taking the peak raft acceleration computed from Model-5 as a 
reference, Figure 5.37 plots a curve of the normalized peak acceleration versus 
the raft-to-boundary distance. It can be observed that, although the raft-to-
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boundary distance varies from 6 m to 96 m, the normalized peak acceleration 
does not vary much, its value fluctuating from 0.955 to 1.024. This suggests 
that, for the raft acceleration response, the influence of boundary distance 
appears to be quite negligible especially when the boundary distance to raft 
edge is larger than 24 m.  
 
5.4.2 Influence of Boundary Distance on Pile Bending Moment Response 
 
        As shown in Figure 5.34, the computed bending moments along one of 
the two piles supporting the raft were adopted for comparison.  Figures 5.38(a) 
to (d) plot the computed bending moment time histories at the pile head for 
Model-1 to Model-4.  In each case, the results are compared with those of 
Model-5, which is taken as the reference. It can be seen that the bending 
moment in each case generally agree well with that of Model-5, with only 
slight discrepancies between the time of 6 s to 8 s.  
Figure 5.39 shows the computed maximum bending moment profiles 
obtained from these five models. It is observed that the bending moments from 
Model-1 and Model-2, with raft-to-boundary distances of 6m and 12m 
respectively, are noticeably larger than those of Model-5. The maximum 
bending moment profiles from Model-3 and Model-4 agree well with that of 
Model-5, indicating that a raft-to-boundary distance of 24 m or more will lead 
to convergence of the bending moment results. Figure 5.40 plots the variation 
of the normalized peak bending moment (taking the result of Model-5 as the 
reference) with the raft-to-boundary distance.  The results show that the 
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variation in bending moment is less than 1.4% for the raft-to-boundary 
distances ranging from 24 m to 96 m.  
 
The foregoing discussions suggest that there are some boundary 
influences on the raft accelerations and pile bending moments for raft-to-
boundary distances of up to 16 m (Model-2).  For raft-to-boundary distances 
of 24 m (Model-3) or greater, the boundary influence on the raft accelerations 
and pile moments is quite negligible.   Nevertheless, even for the smallest raft-
to-boundary distance of 6 m (Model-1), the boundary influence does not 
appear to be too significant, as the computed maximum raft acceleration and 
maximum pile bending moment do not vary by more than 2% and 6% 
respectively from those of Model-5 with a raft-to-boundary distance of 96 m. 
The results from this numerical study suggest that the measured raft 
accelerations and pile bending moments in the centrifuge experiments may not 
be significantly influenced by boundary effects, despite a small raft-to-
boundary distance of only about 6 m. Hence, the centrifuge test results 
presented in Chapter 4 may be considered to be reasonably representative of 
those in real field conditions where the soil farther away from the foundation 
is allowed to undergo free-field response.   
        For the numerical parametric studies conducted in Chapter 6, it is 
important that the size of the finite element model is large enough to minimize 
the influence of boundary effects, without leading to excessive computational 
costs.  Based on the results presented in this section, a finite element model 
with a raft-to-boundary distance of 24 m was adopted. 
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5.5 Concluding Remarks 
 
       In this chapter, a series of 2-D and 3-D finite element analyses were 
performed using ABAQUS 6.11, incorporating a newly developed VUMAT 
subroutine to account for the hyperbolic-hysteretic soil behavior. The 
numerical results were presented and compared with the corresponding 
centrifuge tests.  Just as in the centrifuge tests, the simulations were carried 
out to examine the effect of ground motion type (long- and short-duration), 
ground motion intensity (small, medium and large), pile material (hollow steel 
and aluminum) and added mass (raft only, raft + added mass-1, raft + added 
mass-2, raft + added mass-3). For the long-duration events, it was shown that 
a subset of the input motion which spans the time history from 200s to 380s 
containing the main strong shaking components yield almost identical 
computed pile-raft responses as those obtained using the full-duration ground 
motion.   Hence, to reduce the computational time required, the numerical 
simulations of the long-duration events were performed using the truncated 
180s window of input ground motion applied at the base.   
For the pure kaolin clay stratum models subjected to the long- and short-
duration ground motions, it was observed that the numerical simulations can 
provide generally good predictions of the measured free-field acceleration 
histories with peak values discrepancies of typically less than 14%.   
In addition, there were 11 simulations carried out involving kaolin clay 
models with embedded pile-raft structures.  For these analyses, the numerical 
simulations can also predict well the raft acceleration responses with peak 
value errors of generally less than 13%.   
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Comparison of the maximum bending moments also shows favorable 
agreement between the computed and measured profiles, with the agreement 
being generally better for the outer piles than the inner piles. For the outer 
piles, the differences in the computed and measured maximum bending 
moments at the uppermost strain gauge location are mostly less than 13%, and 
for the inner piles generally less than 26%. One exception is the 4×3 
aluminum pile group subjected to the short-duration medium ground motion, 
in which the errors between the numerical and centrifuge test results for the 
outer and inner piles are 17% and 34% (Figure 5.23), respectively.    
The comparisons between the numerical simulations and centrifuge test 
results presented in this chapter suggest that, from a practical engineering’s 
standpoint, 3-D finite element analyses can reasonably capture the key 
responses of pile-raft-soil systems under seismic shaking, such as the peak raft 
acceleration and the maximum pile bending moment.  
        The results presented in Section 5.4 also indicate that, for the models 
considered in this study, the influence of the boundary distance on the raft 
acceleration and pile bending moment response are generally not too 
significant.  This suggests that even though the centrifuge test models are 
limited by space constraints, the measured raft accelerations and pile bending 
moments are generally representative of those that may be encountered in the 














) Young's modulus (MPa) Poisson's ratio 
Pile/Raft 2,700 70,000 0.2 
 
Table 5.2 Numerical simulations performed for study of boundary distance influence 
 
Ground motion type 
and intensity 
PBA (g) 
Boundary to raft edge 
distance (m) 
Model-1 short-duration, large 0.1576 6 
Model-2 short-duration, large 0.1576 12 
Model-3 short-duration, large 0.1576 24 
Model-4 short-duration, large 0.1576 38 

























      










                                                                                     











(c) Comparison of the acceleration response spectrum (5% damping) between the 
complete long-duration and the truncated 180s window medium input ground 
motions 
Figure 5.2 Comparison between the complete long-duration and the truncated 180s 
window medium input ground motions 
 
(a) Long-duration medium input ground motion  (b)  Truncated 180s window from the 
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* Point A denotes the node used to compare the computed acceleration response with the      
   corresponding centrifuge data 
 





















(c) Clay surface acceleration response spectrum comparison (5% damping) 
Figure 5.3 Time histories and response spectra for computed accelerations at clay 
surface for pure kaolin stratum subjected to both truncated 180s window 









(b) Computed acceleration at clay surface, 
truncated 180 s medium input ground 
motion      
(a) Computed acceleration at clay surface, 
original long-duration medium input 
ground motion (range from 200 s to 
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(c) Response spectra for computed and measured accelerations at clay surface (5% 
damping) 
Figure 5.4 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to long-duration small 





































    (a) Measured acceleration at clay surface       (b) Computed acceleration at clay surface 
 













(c) Response spectra for computed and measured accelerations at clay surface (5% 
damping) 
Figure 5.5 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to long-duration medium 










    (a) Measured acceleration at clay surface              (b) Computed acceleration at clay surface 
 














(c) Response spectra for computed and measured accelerations at clay surface (5% 
damping) 
Figure 5.6 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to long-duration large 









(a) Measured acceleration at clay surface            (b) Computed acceleration at clay surface 
 












         
Figure 5.7 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to short-duration small 











Figure 5.8 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to short-duration medium 






(a) Clay surface acceleration time history  (b) Clay surface acceleration response 
spectrum (5% damping) 
(a) Clay surface acceleration time history  (b) Clay surface acceleration response 
spectrum (5% damping) 












            
Figure 5.9 Computed and measured acceleration time histories and response spectra 
at clay surface for pure kaolin stratum subjected to short-duration large 












     (a) Half model of the centrifuge test sample        (b) Half model of the 4×3 Pile-raft system 






(a) Clay surface acceleration time history  (b) Clay surface acceleration response 
spectrum (5% damping) 
Embedded beam  






























Figure 5.11 Measured and computed bending moment time histories for piles in 4×3 












































Time (s)  
Numerical simulation
Centrifuge test
(a) Measured and computed bending moment 
time histories at 2.4m below pile head for 
outer pile, short-duration large ground 
motion (Test 30) 
 
(b) Measured and computed bending 
moment time histories at 2.4m below 
pile head for inner pile, short-duration 












































(ii) Computed (i) Measured 
(c) Measured and computed bending moment time history at 2.4m below pile head for outer 












































(i) Measured (ii) Computed 
(d) Measured and computed bending moment time history at 2.4m below pile head for inner pile, 
long-duration large ground motion (Test 24) 











   (a) Measured acceleration at raft top               (b) Computed acceleration at raft top 
 
 
(c) Response spectra for computed and measured accelerations at raft top (5% 
damping) 
Figure 5.12 Computed and measured acceleration time histories and response spectra 
at raft top for 4×3 aluminum pile group sample subjected to long-duration 































































                    (a) Outer pile                                                  (b) Inner pile 
Figure 5.13 Computed and measured maximum pile bending moment profiles for 4×3 
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(a) Measured acceleration at raft top                    (b) Computed acceleration at raft top 
 
 
(c) Response spectra for computed and measured accelerations at raft top (5% 
damping) 
Figure 5.14 Computed and measured acceleration time histories and response spectra 
at raft top for 4×3 aluminum pile group subjected to long-duration 

























               (a) Outer pile                                                       (b) Inner pile 
Figure 5.15 Computed and measured maximum pile bending moment profiles for 4×3 
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 (a) Measured acceleration at raft top                   (b) Computed acceleration at raft top 
 
 
(c) Response spectra for computed and measured accelerations at raft top (5% 
damping) 
 
Figure 5.16 Computed and measured acceleration time histories and response spectra 
at raft top for 4×3 aluminum pile group subjected to long-duration large 






























































               (a) Outer pile                                                            (b) Inner pile 
Figure 5.17 Computed and measured maximum pile bending moment profiles for 4×3 
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(a) Measured acceleration at raft top                    (b) Computed acceleration at raft top 
 
 
(c) Response spectra for computed and measured accelerations at raft top (5% 
damping) 
 
Figure 5.18 Computed and measured acceleration time histories and response spectra 
at raft top for 4×3 hollow steel pile group subjected to long-duration 
























































































                 (a) Outer pile                                                        (b) Inner pile 
Figure 5.19 Computed and measured maximum pile bending moment profiles for 4×3 
hollow steel pile group subjected to long-duration medium ground 
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(a) Measured acceleration at raft top                 (b) Computed acceleration at raft top 
 
 
(c) Response spectra for computed and measured accelerations at raft top (5% 
damping) 
 
Figure 5.20 Computed and measured acceleration time histories and response spectra 
at raft top for 4×3 hollow steel pile group subjected to long-duration 

























      (a) Outer pile                                                  (b) Inner pile 
Figure 5.21 Computed and measured maximum pile bending moment profiles for 4×3 










(a) Acceleration time histories             (b) Acceleration response spectra (5% damping) 
 
Figure 5.22 Computed and measured acceleration responses at raft top for 4×3 






































































































                 (a) Outer pile                                                    (b) Inner pile 
Figure 5.23 Computed and measured maximum pile bending moment profiles for 4×3 










 (a) Acceleration time histories            (b) Acceleration response spectra (5% damping) 
 
Figure 5.24 Computed and measured acceleration responses at raft top for 4×3 
aluminum pile group with added mass-1 (597 tonne), subjected to short-





































































































   (a) Outer pile                                                            (b) Inner pile 
Figure 5.25 Computed and measured maximum pile bending moment profiles for 4×3 
aluminum pile group with added mass-1 (597 tonne), subjected to short-










(a) Acceleration time histories             (b) Acceleration response spectra (5% damping) 
Figure 5.26 Computed and measured acceleration responses at raft top for 4×3 
aluminum pile group with added mass-2 (859 tonne), subjected to short-





































Bending moment (kNm) 
Inner pile-Numerical
Inner pile-Centrifuge














                  
                 (a) Outer pile                                                    (b) Inner pile 
Figure 5.27 Computed and measured maximum pile bending moment profiles for 4×3 
aluminum pile group with added mass-2 (859 tonne), subjected to short-









 (a) Acceleration time histories            (b) Acceleration response spectra (5% damping) 
 
 
Figure 5.28 Computed and measured acceleration responses at raft top for 4×3 
aluminum pile group with added mass-3 (1022 tonne), subjected to 
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                  (a) Outer pile                                                     (b) Inner pile 
Figure 5.29 Computed and measured maximum pile bending moment profiles for 4×3 
aluminum pile group with added mass-3 (1022 tonne), subjected to short-










(a) Acceleration time histories             (b) Acceleration response spectra (5% damping) 
Figure 5.30 Computed and measured acceleration responses at raft top for 4×3 hollow 
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                  (a) Outer pile                                                         (b) Inner pile 
Figure 5.31 Computed and measured maximum pile bending moment profiles for 4×3 
hollow steel pile group subjected to short-duration medium ground 









 (a) Acceleration time histories            (b) Acceleration response spectra (5% damping) 
 
Figure 5.32 Computed and measured acceleration responses at raft top for 4×3 hollow 
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                 (a) Outer pile                                                 (b) Inner pile 
Figure 5.33 Computed and measured maximum pile bending moment profiles for 4×3 














(a) Model-1, with boundary 6 m away from raft edge               (b) Pile-raft system 
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  (a) Model-1, with boundary 6 m away 
from raft edge 
36 m 
(b) Model-2, with boundary 12 m away 
from raft edge 
60 m 
   (c) Model-3, with boundary 24 m 
away from raft edge 
88 m 
   (d) Model-4, with boundary 38 m 
away from raft edge 
204 m 
   (e) Model-5, with boundary 96 m 
away from raft edge 



















           (c) Model-3 versus Model-5                          (d) Model-4 versus Model-5 
 
Figure 5.36 Comparisons of raft acceleration time histories between models with 




































Boundary to raft edge distance-6 m























Boundary to raft edge distance-12 m























Boundary to raft edge distance-24 m























Boundary to raft edge distance-38 m
Boundary to raft edge distance-96 m





Figure 5.37 Normalized peak acceleration versus the raft to boundary distance 
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       (c) Model-3 versus Model-5                                (d) Model-4 versus Model-5 
 
Figure 5.38 Comparisons of bending moment time histories computed at pile head 



































Boundary to raft edge distance-6 m


























Boundary to raft edge distance-12 m


























Boundary to raft edge distance-24 m


























Boundary to raft edge distance-38 m
Boundary to raft edge distance-96 m




























   
Figure 5.39 Comparisons of maximum pile bending moment profiles between models 
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       (a) Model-1 versus Model-5                            (b) Model-2 versus Model-5 
 
       (c) Model-3 versus Model-5                          (d) Model-4 versus Model-5 





Figure 5.40 Normalized peak bending moment versus the raft to boundary distance 
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CHAPTER 6 RESULTS AND DISCUSSIONS FROM 
THE NUMERICAL PARAMETRIC STUDIES 
 
6.1 Introduction 
For pile-raft-soil systems subjected to seismic base shaking, the 
centrifuge test results presented and discussed in Chapter 4 have shown that 
the pile bending moment and raft acceleration responses are influenced by, 
amongst others, the factors shown below. 
        (a) Input base ground motion intensity; 
        (b) Raft + any added masses, which may be lumped and termed as the 
‘structural’ mass acting on the foundation; 
        (c) Pile group size;  
        (d) Flexural rigidity of pile. 
Chapter 5 presents the results obtained from the numerical simulations 
of a selected number of the centrifuge tests. In each case, it was shown that the 
computed pile bending moments and raft accelerations compare well with the 
measured values. The good agreement between the two approaches strongly 
suggest that, in the absence of field or laboratory experiments, 3-D finite 
element modeling is a viable technique for studying the behavior of complex 
pile-raft-soil systems subjected to seismic base shaking.   
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        In this chapter, an extensive suite of finite element simulations is carried 
out to further examine the response of pile-raft-soil systems under seismic 
base excitation. The numerical analyses are performed to systematically study 
the influence of different factors on the computed raft acceleration and the 
maximum bending moment near the pile head.  With the help of dimensional 
analysis, the results of the parametric studies will be processed and interpreted 
using regression analysis to derive correlations for predicting the maximum 
pile group bending moment and the peak raft acceleration.  Such correlations 
serve as useful tools for practical seismic pile foundation design.        
 
6.2 Previous Relevant Studies 
6.2.1 Acceleration Response at Raft or Foundation Level  
        Peak ground acceleration (PGA) is often used to characterize the ground 
seismic motion and to calculate the inertial force of the superstructure for the 
seismic resistance design of buildings (Liyanapathirana and Poulos, 2005). In 
most cases, the PGA is used to refer to the peak acceleration of the soil motion 
at the ground surface, typically under free-field conditions.   
However, as discussed in Chapter 4 several previous studies (Sarma and 
Srbulov, 1996; Stewart, 2000; Banerjee, 2009; Mason et al., 2010; 
Tabatabaiefar et al., 2013), the seismically-induced motion at ground surface 
is not likely to be the same as that at building foundation level. This is due to 
the complex mechanism of soil-foundation-structure interaction, which 
involves both the inertial effects from the superstructure and kinematic effects 
from the underlying soils.  
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        Douglas (2003 reported more than 120 equations for predicting the peak 
ground acceleration and over 80 equations for ground spectral ordinates.   On 
the other hand, it is very rare to come across an equation for predicting the 
peak acceleration at the raft or foundation level. So far, the only example 
appears to have been provided by Sarma and Srbulov (1996), who developed 
an equation to relate the peak foundation acceleration to peak ground 
acceleration, as shown in Equation (6.1). However, the equation may not be 
applicable for general use as many important factors were not explicitly taken 
into consideration (such as foundation type, ground type, earthquake type, 
inertial soil-structure interaction). 
 








   
     
   
                                    (6.1) 
where As and Ag are the peak foundation-level and peak ground accelerations, 
respectively; 
        Vg is the peak ground velocity; 
         C1 and C2 are calibrated constants; 
         p is equal to 0 or 1, respectively corresponding to mean and 84%  








         is standard deviation, whose value is about 0.1. 
        
6.2.2 Pile Bending Moment Response 
        There are several studies that have been carried out to provide simple 
methods to predict the seismic maximum pile bending moments at (i) the 
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interface between a two-layer soil system (e.g. Margason, 1975; Margason and 
Halloway, 1977; Dobry and O’Rourke, 1983; Mylonakis, 2001; Nikolaou et 
al., 2001; Dobry et al., 2003; Dezi et al., 2010; Zhao, 2013) and (ii) near pile 
head (e.g. Banerjee, 2009; Ma, 2010; Dezi et al., 2010; Sanctis et al., 2010; 
Zhao, 2013). Some of these studies are briefly reviewed below. 
        Margason (1975) and Margason and Halloway (1977) assumed that pile 
followed the  motion of the surrounding soils, thereby neglecting the effect of 
soil-pile interaction. They proposed the formula to predict the maximum 
kinematic bending moment as shown below. 
        1/p pM E I R                                                                    (6.2) 
 where p pE I  is the pile flexural stiffness, and 1/R is the peak curvature of soil 
displacement with the depth for the free-field soil motion subjected to 
earthquake shaking. 
         
       By modeling the pile as a beam on Winkler foundation (BWF), Dobry and 
O’Rourke (1983) developed an explicit expression for kinematic bending 
moments at the interface between the two soil layers: 
           
0.75 0.25
1 11.86 p pM E I G F                                        (6.3) 
where  
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1 2
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          p pE I  is the flexural stiffness of the pile; 
         1G and 2G  are the shear moduli for upper and underlying soil layers,  
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         respectively; 
          1  is the maximum shear strain at the interface between two soil layers 
and can be approximated by the expression given by Seed and Idriss (1982): 







   
where 1 , 1H are the density and thickness of the upper layer, respectively; 
          maxa  is the peak soil surface acceleration; 
           dr  is the depth factor 
        Similarly, Mylonakis (2001) made some improvements for predicting the 
kinematic bending moment at the interface between two soil layers, based on 
Dobry and O’Rourke model (1983). There improvements are: (1) the 
application of the seismic excitation as a dynamic harmonic horizontal 
displacement imposed at the bedrock, (2) the consideration of both radiation 
damping and material damping, and (3) the consideration of the finite 
thickness of the soil layers. 
      Nikolaou et al. (2001) presented a closed-form expression to predict the 
maximum steady-state bending moment at the interface between the two soil 
layers. The pile was modelled as a beam on dynamic Winkler foundation and 
each soil layer was assumed to be homogeneous, isotropic, and linearly elastic, 














   
    
     
                                                  (6.4) 
where d, L are pile diameter and length, respectively; 
         pE and 1E  are the Young’s Moduli of pile and upper soil layer,   
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        respectively; 
        1sV and 2sV  are the shear wave velocities in upper and lower soil layers,  
        respectively; 
       c  is a characteristic shear stress, which can be expressed by 
      max, 1 1c sa H   
      where 
max,sa  is the peak ground acceleration; 
        1  and 1H  are the density and thickness of the upper soil layer,  
        respectively. 
 
        By analyzing the centrifuge test data, Dobry et al. (2003) proposed a 
method to predict the seismic maximum pile bending moment for single 
concrete piles embedded in two-and three-layer liquefying soil deposits. Tests 
were performed for free-head piles with and without pile-cap which showed 
that the maximum bending moment was developed at the boundaries between 
liquefiable and non-liquefiable soils. For the two-layer soil deposit with 
liquefied and nonliquefied layers, the maximum bending moment at the 
interface is given by 









                                                    (6.5) 
in which 10.3 is a calibration constant (kPa); 
              pA  is area of pile exposed to lateral liquefied soil pressure (m
2
); 
             ph  is thickness of nonliquefied layer above liquefied soil (m); 
            cA  is area of pile cap exposed to lateral liquefied soil pressure (m
2
); 
            ch  is height of center of pile cap area above the boundary between  
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            liquefiable and nonliquefiable soils (m).   
             
        Using the three-dimensional finite element analysis, Dezi et al. (2010a) 
performed a series of parametric studies on single fixed-head pile embedded in 
a two-soil system (softer soils overlying bedrock). As shown below, they 
derived two equations to predict the maximum pile bending moments at pile 
head and at interface between upper soil and bedrock, respectively. 
        The maximum bending moment at the interface between bedrock and 
overlying soil can be expressed by 
   1 3 2 277.7 409 192 24.5 0.0009 0.068 0.2M D D D h h                 (6.6) 
The maximum bending moment at the pile head can be expressed by 
   2 3 2 285 85.75 30.93 3.37 -0.000133 0.00042 1.091M D D D h h            
                                                                                                                      (6.7) 
where D is the pile diameter and h is the depth of overlying soil. 
        De Sanctis et al. (2010) performed an extensive three-dimensional finite 
analyses and proposed the following formula to predict the seismic maximum 
bending moment at the pile head for a single fix-headed pile embedded in two-









                                                                  (6.8) 
where maxa is the peak ground acceleration; 
             is unit weight of the upper layer soil ; 
           d is pile diameter; 
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          pE and 1E  are the Young’s moduli for pile and upper layer soil,   
          respectively. 
        Using results from both centrifuge testing and three-dimensional finite 
element analyses, Banerjee (2009) proposed the following semi-analytical 
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               (6.9) 
where p pE I  is the pile flexural stiffness; 
          d , pl are the pile diameter and  length, respectively; 
         max,Ba  is the maximum base acceleration; 
          M is the total mass of superstructure and raft; 
         G is the equivalent shear modulus of the uniform clay stratum. 
        As mentioned by Banerjee (2009), the solution given by the above 
equation may only be valid for a single, short, fixed-head pile embedded in 
uniform soft soil and resting on a stiff soil layer. 
        Using a similar method of three-dimensional numerical parametric 
studies as Banerjee (2009), Ma (2010) also proposed a fitted formula to 
predict the maximum pile bending moment near the pile head for a single, 
fixed-head, flexible pile embedded in uniform soft clay. 
 
         More recently, by performing a series of large-scale parallel three-
dimensional finite element analysis for a 9×21 pile group embedded in a two-
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layer soil system (soft soil resting on rocklike stiff soil) subjected to seismic 
base shaking, Zhao (2013) proposed the following two formulae to predict (i) 
the maximum bending moment M1 near the pile head and (ii) the local 
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  (6.11) 
 
 where  
       pE , r and pI  are the Young’s modulus, radius and moment of inertia for   
       pile, respectively; 
       2c  is a constant related to soil maximum shear modulus; 
       rafA is the bottom side area of raft; 
        maxa is peak base acceleration; 
        strm is the total mass of raft and superstructure; 
       soi  and soiH  are the density and thickness of the upper soft soil,  
         respectively; 
       soiG and stifG  are the  equivalent shear modulus and shear modulus of the  
       upper soft soil and lower hard soil, respectively.       
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       Tabesh and Poulos (2007)  also provided a series of design charts to 
predict the maximum single pile bending moment due to earthquake excitation. 
However, their analyses treated the piles as being embedded in a linearly 
elastic homogeneous clay stratum, in which the non-linear nature of the soil 
was not considered. 
       As can be seen from the foregoing discussion, apart from Banerjee (2009), 
Ma (2010) and Zhao (2013), most of the published equations for predicting the 
seismic maximum bending moment only account for the kinematic mechanism 
imposed by the soil, while the inertial effects arising from the superstructural 
mass were not taken into consideration. Moreover, with the exception of Zhao 
(2013) who considered a very large pile-raft system, all the studies only 
considered the maximum bending moment response of a single pile.   
 
6.3 Parametric Studies 
        In this study, an extensive series of 3-D finite element parametric 
analyses were performed using the short-duration ground motions previously 
adopted for the centrifuge tests of Chapter 4.  The following geometric and 
material parameters were considered in the parametric studies, with the values 
varied as shown:  
(1) Pile length pl :15 m, 20 m, 25 m and 35 m; 
(2) Young’s modulus of the pile pE : 5 GPa, 30 GPa, 70 GPa and 210 GPa; 
(3) Structural mass supported by the pile group, strm : 729 tonnes (raft only), 
1919 tonnes and 6086 tonnes; 
For a building with square footprint  of  15 m×15 m , assuming each 
storey has a mass of about 297.6 tonnes, then 1919 tonnes and 6086 tonnes 
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correspond  to the masses of 4-storey and 18- storey buildings, 
respectively. Note that the superstructural elements are not explicitly 
modeled in the analyses; instead the masses associated with these loads are 
incorporated into the simulations by adjusting the unit weight of the raft.  
(4) Peak base acceleration
max, Ba : 0.0135g, 0.0562 g, 0.1345 g; 
(5) Small strain shear modulus of the soil Gmax, where  
0.653
max 0G A p , in 
which 0p is the initial mean effective normal stress of soil, and parameter 
A equals 1030, 2060 and 4120, respectively (see Section 5.1.5, Eq. 5.3); 
(6) Slope of the critical state line M: 0.8, 0.9 and 1.2; 








 , where   is internal effective friction angle of the clay. 
Hence M=0.8, 0.9 and 1.2 correspond to  =20°, 23° and 30°, respectively; 







(8) Soil thickness soilH : 16.2 m, 21.2 m, 26.2 m and 36.2 m 
 
In this study, the values of the soil density soil  and pile diameter are not 
changed, and are fixed as 1.61 g/cm
3
 and 1 m respectively. By varying the 
aforementioned eight parameters, a total of 330 numerical simulations were 
carried out using the short-duration ground motions, the detailed results and 
discussions of which are presented here.  Table C.1 provides a full list of the 
cases considered and the parametric values adopted.  
          At the same time, due to time constraints, a limited series of parametric 
studies was also carried out using the long-duration ground motions adopted in 
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the centrifuge tests.   A total of 74 simulations were carried out for the long-
duration event, the parameters of which are listed in Table C.2 for each case.    
        Figure 6.1 shows four 3-D finite element models that were set up for the 
parametric studies.  These models have the same dimensions in plan (65 m × 
15 m), but vary in depth to account for the four soil thicknesses (16.2 m, 21.2 
m, 26.2 m and 36.2 m) considered in the parametric studies.  The soft soil, 
which is characterized using the hyperbolic-hysteretic model discussed in 
Section 5.1.5, extends over the entire model depth, except for the bottom 0.5m, 
which is treated as a stiff soil layer.  A 5×5 pile-raft system is adopted for the 
parametric studies, the dimensions of which are shown on Figure 6.1.  The tips 
of the embedded piles rest on the 0.5m thick stiff soil layer, so that they are 
relatively free to rotate. 
To investigate the influence of pile length on the pile-raft response, the 
model shown in Figure 6.1d for the 36.2m thick soil layer was used, but with 
the pile lengths adjusted to 15 and 25 m simply by reassignment of material 
properties to the appropriate elements. Hence, in total, there are six numerical 
models used in the 330 simulations conducted for the parametric studies.  
Due to the large number of simulations performed, it is not possible to 
provide detailed output data for all the cases considered in this thesis, such as 
the time histories of the raft accelerations and the maximum bending moment 
profiles. Hence, for the most part, the results will be processed and plotted to 
show only (i) the maximum values of the computed bending moment at the 
pile head and (ii) the maximum raft acceleration obtained for each simulation 
event.  However, before doing so, it is illustrative to plot the computed 
bending moment profiles for some selected cases, to show how these profiles 
Chapter 6 Results and Discussions from the Numerical Parametric Studies 
220 
 
are typically influenced by each of the parameter of interest.  These are shown 
in Figures 6.2 to 6.9. 
Figure 6.2 plots the maximum bending moment profiles associated with 
three different pile lengths, for the clay layer thickness of 36.2 m, and all other 
parameters constant as indicated on the figure.  It is seen that the bending 
moment at the pile head increases with the pile length.   Also, the more 
flexible response of the longer piles can be clearly seen in the development of 
significant bending moments at greater depths, in contrast to the relatively 
rigid response of the shortest pile.    
Figure 6.3 shows the influence of the pile modulus on the maximum 
bending moment profile, for the parameters indicated on the figure.  For the 
same pile section, the bending moment at the pile head decreases with 
decreasing pile modulus.  In other words, the more rigid the pile, the greater is 
the bending moment induced at the pile head.  The bending moment profiles 
shown on the figure are consistent with the different pile rigidities involved, 
with the largest negative moment developed for the pile with the lowest 
rigidity.    
Figure 6.4 shows how the structural mass acting on the raft affects the 
maximum bending moment profiles. The bending moment at the pile head 
increases with the mass imposed on the pile-raft.  The moment profiles also 
show that a pile which supports a larger mass tends to behave in a more 
flexible manner.  This is consistent with the notion of treating the pile-raft 
system as a lumped single degree-of-freedom system (Figure 4.23, Section 
4.4.1), wherein a larger raft mass will increase the natural period of the system, 
the stiffness remain unchanged.    
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Figure 6.5 shows the influence of the peak base acceleration on the 
maximum bending moment profiles, the accelerations being obtained by 
scaling the short-duration ground motion while keeping the frequency contents 
unchanged.  As expected, the maximum bending moment increases with peak 
base acceleration.   
In a similar manner, Figures 6.6 to 6.9 plot the bending moment profiles 
for different soil stiffness, soil strengths, pile density and thickness of the soft 
soil layer.   
        In the following subsections, the influence of each of the eight parameters 
on the pile maximum bending moment and maximum raft acceleration will be 
examined in greater detail.  For a given parameter of interest, only the 
computed maximum bending moment and maximum raft acceleration for each 
simulation will be plotted.   
 
6.3.1 Influence of Pile Length  
There are three different pile lengths considered in this section：15 m, 
25 m and 35 m. In each case, the pile-raft system is embedded in the soft soil 
layer with thickness of 36.2 m.  Figure 6.10 plots the trends of maximum pile 
bending moment at the pile head versus pile length, each line showing the 
influence of pile length on the maximum pile bending moment for a given set 
of soil and pile-raft parameters. There are twenty lines plotted, corresponding 
to 20 permutations of the parameters as indicated in the legend beneath the 
figure.  It is seen that, in all the cases, the maximum pile bending moment 
increases with increasing pile length. The trend is more pronounced for the 
scaled input ground motions with higher peak base accelerations.  
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        Figure 6.11 plots the trends of maximum raft accelerations versus the pile 
length.  Most of the trends suggest that the peak raft acceleration appears to 
decrease with increasing pile length.  Combined with findings shown in Figure 
6.10, it may suggest that, for piles fully embedded in soft soils, the use of a 
larger pile length will (1) increase the kinematic effects arising from the 
surrounding soils to the piles, and (2) improve the performance of the pile-raft 
system against seismic-induced raft motion. 
 
6.3.2 Influence of Pile Flexural Rigidity 
        Four different pile materials were considered in the numerical parametric 
studies with the following Young’s modulus: 5 GPa, 30 GPa, 70 GPa and 210 
GPa.  Figure 6.12 plots the trends showing the variation of the maximum pile 
bending moment with the pile modulus, for different permutations of the 
parameter sets.  In all cases, the maximum pile bending moments increase 
with increasing pile modulus. 
        Figure 6.13 plots the corresponding trends of the peak raft acceleration 
versus the pile modulus.  Unlike the effect on the maximum pile bending 
moment, the influence of the pile modulus on the peak raft acceleration is not 
as straightforward. However, most of the cases shown in Figures 6.13 suggest 
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6.3.3 Influence of Structural Mass         
        Three different structural masses were considered in the parametric 
studies.  These are 729, 1919 and 6086 tonnes, which respectively correspond 
to the approximate masses of a raft only, a 4-storey building and a 18-storey 
building.   Figure 6.14 plots the trends showing how the maximum pile 
bending moment varies with the structural mass.  As can be seen, the findings 
are similar to those reported by Banerjee (2009) and Zhao (2013),  in which 
the maximum pile bending moment increases approximately linearly with 
increasing structural mass. 
        On the other hand, as shown in Figure 6.15, the influence of structural 
mass on the peak raft acceleration is comparatively more complex.  Both 
increasing and decreasing trends are present.  This may suggest that the 
structural mass on the raft acceleration may not be a significant factor 
affecting the raft response.  In other words, its influence on the peak raft 
acceleration may be overshadowed by other factors such as pile length, pile 
stiffness and input ground motion intensity. 
 
6.3.4 Influence of Peak Base Acceleration 
Three scaled short-duration ground motions with identical frequency 
contents were applied as the input base motion, with peak base accelerations 
of 0.0135 g, 0.0562 g and 0.1345 g.  Figure 6.16 plots the trends showing the 
maximum pile bending moment versus peak base acceleration. As can be seen, 
most of the trends in Figure 6.16 show that the maximum pile bending 
moment increases almost linearly with increasing peak base acceleration. This 
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trend is consistent with the centrifuge testing results presented in Chapter 4, as 
well as the findings reported by Banerjee (2009) and Zhao (2013).  
        Figure 6.17 plots the trends of the peak raft acceleration versus peak base 
acceleration.  The increasing trends of the peak raft acceleration with 
increasing peak base acceleration are quite evident. 
 
6.3.5 Influence of Soil Stiffness 
        For the hyperbolic-hysteretic soil model used in this study, the non-linear 
strain-dependent stiffness is a function of the small-strain shear modulus of the 
soil.  The larger the small-strain shear modulus, the higher the stiffness of the 
soil at a given strain level.  As discussed in Section 5.1.5, the small-strain 
shear modulus of a normally consolidated soft soil is obtained by adopting the 
following equation proposed by Viggiani and Atkinson (1995). 
              
0.653
max 0G A p                                                                  (6.12) 
where  
        maxG is small-strain shear modulus of the normally consolidated soft soil; 
        A is calibration constant and dependent on the soil type; 
       0p  is the initial mean effective normal stress. 
For the kaolin clay used in this study, Banerjee (2009) obtained the 
value of the parameter A as 2060 based on a series of resonant column tests. 
For this parametric study, in addition to A = 2060, two other values 1030 and 
4120 were also adopted in the analyses. 
        Figures 6.18 plots the trends showing the maximum pile bending moment 
versus the small-strain shear modulus. Figures 6.19 plots the trends of the peak 
raft acceleration versus the small-strain shear modulus. As can be seen, the 
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influence of the small-strain shear modulus on both the maximum pile bending 
moment and peak raft acceleration responses are generally significant but 
quite complex, as the trends seem to be largely dependent on the permutations 
of the other 7 parameters.  
 
6.3.6 Influence of Soil Strength 
        Based on critical state concepts (Schofield and Wroth, 1968), the deviator 
stress of a soil at failure can be expressed by the following equation.  
                                     f cq Mp                                                           (6.13) 
     where  cp  is mean effective normal stress at critical state line; 
                 M is the slope of critical state line and can be represented by      








                                                                   (6.14) 
     where   is the internal effective friction angle of soil.  
        For normally consolidated soils, the deviator stress at failure can be 
estimated using the following equation. 






                                                                          (6.15) 
      where 0p  is the initial mean effective normal stress; 
                n is a parameter which can be obtained via the following equation. 




                                                                          (6.16) 
       where  ,   are the slopes of the virgin compression line and unloading  
      and reloading lines, respectively. 
        In this study, three different M values are used, including 0.8, 0.9, and 1.2.  
This covers an effective internal friction angle range from 20°to 30 °. 
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In this study, three different friction angles were adopted: 20, 23 and 
30, corresponding to M values of 0.8, 0.9, and 1.2.  Figure 6.20 plots the 
trends of the maximum pile bending moment versus the slope of critical state 
line M.  No clear trend is observed, although it appears that, for the smaller 
ground motions with the peak base acceleration less than or equal to 0.0562 g,  
the maximum pile bending moments decrease with increasing values of M.  
For the larger motion with peak base acceleration of 0.1345g, the maximum 
pile bending moments increase with increasing values of M for some of the 
cases. 
        Figure 6.21 shows the trends of the peak raft acceleration versus the slope 
of critical state line M. The soil strength does not appear to influence the peak 
raft accelerations for the small ground motions, resulting in the almost 
horizontal trends plotted.  For the medium ground motion, the peak raft 
acceleration appears to increase with the soil strength, as reflected in the 
gentle positive gradients of the trends.  However, when subjected to the large 
ground motion, the increase in the peak raft acceleration with the soil strength 
is quite evident.  
        The findings presented in this section suggest that the effective friction 
angle of the soil, as represented by the slope of critical state line M, can 
influence the seismic response of a pile group embedded in soft soils.    This is 
contrary to the conclusion drawn previously by Banerjee (2009) that the slope 
of the critical state line has negligible influence on the seismic response of 
single pile in soft soils. However, it should be noted that Banerjee (2009) 
based his conclusions only on the pile bending moment response, and did not 
examine the influence of soil strength on the raft acceleration.  
Chapter 6 Results and Discussions from the Numerical Parametric Studies 
227 
 
6.3.7 Influence of Pile Density         
        The influence of pile stiffness and pile length on the bending moment 
responses have been quite extensively studied in the literature.   Besides these 
factors, the inertial effect of the pile arising from its mass may also influence 
the pile dynamic response to some extent.  However, its effect on the pile 
bending moments as well as the raft acceleration has not been widely 
investigated until now. 





 and 7.85 g/cm
3
. These are representative of the densities of cement 
treated soil, concrete and steel, respectively. 
        Figure 6.22 plots the trends of the maximum pile bending moment versus 
the pile density. All the cases indicate that the maximum pile bending 
moments increase with the increasing pile density.  
        Figure 6.23 plots the trends of the peak raft acceleration versus the pile 
density. Most of the trends shown in the figure suggest that the peak raft 
acceleration increases slightly with increasing pile density, although the 
increasing trends are not as evident as that for the maximum pile bending 
moment response. 
 
6.3.8 Influence of Soil Thickness       
        The influence of soil thickness will be examined for piles of two different 
lengths: 15m and 25m. The 15m long piles are embedded in soft soil layers 
with thicknesses of 16.2m, 26.2m and 36.2m.  The 25m long piles are 
embedded in soft soil layers of thicknesses 26.2m and 36.2 m 
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        Figures 6.24 plots the trends of the maximum pile bending moment 
versus soil thickness obtained from the simulations.  The corresponding trends 
associated with peak raft acceleration are plotted in Figure 6.25. 
        Figures 6.24 and 6.25 suggest that both the maximum pile bending 
moment and peak raft acceleration increase with the increasing thickness of 
soft soil. This may be partly due to the greater soil amplification response 
associated with the thicker soil layer, which results in larger soil motion near 
the ground surface for the same input base motion. 
 
6.4 Formulations of Maximum Pile Bending Moment and Peak 
Foundation-level Relationships     
 
In section 6.3, the results from the parametric studies were presented to 
show the influence of the individual parameter of interest on both the pile 
maximum bending moment and the peak raft acceleration.  While these results 
are useful for assessing the relative significance of the various parameters on 
the pile and raft response, they do not provide a direct method of estimating 
the maximum pile bending moment and peak raft acceleration for 
permutations of the parameters different from those considered in this study.    
        In this section, with the aid of dimensional analysis and multiple 
regression analysis, the simulation results obtained from the 330 permutations 
of the parameters will be used to derive semi-empirical correlations for 
predicting the maximum pile bending moment and peak raft acceleration.  
These correlations are formulated using dimensionless terms, the derivations 
of which are presented in the following subsection. 
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6.4.1 Formulation of Dimensionless Terms for the Maximum Pile Bending 
Moment and Peak Raft Acceleration Correlations 
 
         Similar to the approaches employed by Banerjee (2009) and Zhao (2013), 
the dimensionless terms used for the maximum pile bending moment 
prediction are defined as follows. 



























6. Slope of critical state line M, which can be expressed by  








 (  is internal effective friction angle of soil); 











where r is the radius of pile, raftA  is the area of raft footprint, and soilG is the 
equivalent maximum soil shear modulus (which will be further elaborated in 
this section), while the rest of the parameters are the same as defined 
previously.  
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        For the peak raft (or foundation-level) acceleration prediction, the 
dimensionless terms are listed as follows. 


























6. Slope of critical state line M, which can be expressed by 








 (  is internal effective friction angle of soil); 











The term Gsoil in the dimensionless frequency ratio term (3) is a soil 
stiffness parameter that is used to characterize the nonlinear strain-dependent 
shear modulus across the thickness of the soft soil layer.  As the mobilized 
shear modulus is a function of the small-strain shear modulus of the soil (see 
Section 6.3.5), it follows that the parameter Gsoil can also be defined in terms 
of the small-strain shear modulus Gmax. In this study, Gsoil is termed the 
equivalent maximum shear modulus of the soil and defined as follows: 
 














                                                    (6.17) 
where soilH  is the thickness of the soil from the ground surface to the pile tip. 
       
        The maximum shear modulus of normally consolidated kaolin clay could 
be correlated with the initial mean effective stress using Viggiani and 
Atkinson (1995)’s equation:  
                        
0.653
max 0G A p                                                         (6.18) 
where 0p  is the mean effective stress of the soil element under consideration, 
and the units for both maxG  and 0p  are kPa. 
      The mean effective stress can be expressed as 







                                                           (6.19) 
where 0K is the at-rest earth pressure coefficient,    and z are the effective 
unit weight and depth of the soil element below ground surface, respectively. 
        Substituting equations 6.18 and 6.19 into equation 6.17 leads to 
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By adopting the dimensionless terms defined above, the correlations for 
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where coefficients 0p , 1p , 2p , 3p , 4p , 5p , 6p  and 7p  in Eq. 6.21 and 0q , 1q , 2q ,
3q , 4q , 5q , 6q and 7q in Eq. 6.22 can be obtained from multi-variate regression 
analysis using the results from the finite element parametric studies.   
   
6.4.2 Comparison Between Calibrated Correlations and FEM Analysis 
         
         The maximum bending moments and peak raft accelerations obtained 
from the 330 finite element simulations, together with the respective material 
and geometrical parameters for each run, were used to carry out multi-variate 
regression analyses to obtain the values of the coefficients 0p , 1p , 2p , 3p , 4p ,
5p , 6p , 7p  in Eq. 6.21 and 0q , 1q , 2q , 3q , 4q , 5q , 6q and 7q  
in Eq. 6.22.      
Doing so yields the following two equations which relate the maximum pile 
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bending moment near pile head and the peak raft acceleration respectively to 
the various dimensionless terms. 
        
                                                                                                               
 




                                                                                                                (6.24) 
   
         
The semi-empirical correlations given by Eqs 6.23 and 6.24 can 
potentially serve as quick tools for predicting the maximum pile bending 
moment Mmax and peak raft acceleration amax,raft respectively, for any given 
material and geometrical parameters associated with the soil and pile, as well 
as the peak base acceleration.  Given that these correlations are best-fit 
equations obtained through error minimization between the predicted Mmax and 
amax,raft values (from the correlations) and the corresponding finite element 
results for the 330 cases considered in this study, there will be deviations 
between the predicted values (using the correlations) and the computed finite 
element solutions.   
The extents of the deviation for the maximum bending moment 
predictions are shown in Figure 6.26, which plots the predicted maximum pile 
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element analyses.  Despite the scatter, the mean trend of the data points is 
described by the best-fit line y = 1.01x, which is very close to the line of unit 
gradient in which the predicted value is equal to the computed FE value. 
Figure 6.26 also plots the two lines representing the lower and upper bounds 
of the data points. These lines indicate that, in some cases, the bending 
moment correlation given by Eq. 6.23 may overpredict or underpredict the 
computed FE values by up to 40%.  Such discrepancies notwithstanding, the 
predictions obtained using such a correlation provide useful first-order 
estimates for engineering applications, as long as the potential error bounds 
are taken into consideration.     
 Figure 6.27 shows the predicted peak raft accelerations (from Eq. 6.24) 
against the corresponding values obtained from the finite element analyses.  
Again, the mean trend of the data points fall almost directly on the line y = x, 
indicating that, on the average, the predicted values using the correlation are 
equal to those computed using the FE analyses.  The scatter about the mean 
trend is smaller compared to the bending moment predictions, with a 
maximum under-prediction of about 15% and a maximum overprediction of 
about 30%. 
The correlations given by Eqs. 6.23 and 6.24 are derived from the results 
of 330 numerical simulations using the short duration ground motion as input 
base excitation.  In contrast, the parametric studies using the long-duration 
ground motion consist of only 70 numerical simulations, due mainly to time 
constraints which did not permit as many analyses to be performed as part of 
this study.  At this time, there is ongoing work involving additional finite 
element simulations being carried out using the long duration ground motion, 
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so that correlations similar to those given by Eqs. 6.23 and 6.24 can be derived 
for such events.  In this study, however, Eqs. 6.23 and 6.24 are still used to 
obtain predictions of the maximum bending moment and peak raft acceleration  
for the 70 long-duration cases listed in Table C-2, and the results compared 
with the corresponding output from finite element simulations using the long-
duration input base motion. 
Figure 6.28 plots the predicted maximum pile bending moments (from 
Eq. 6.23) against the values obtained from the finite element analyses, for the 
70 long-duration cases considered in the parametric studies.  The mean trend 
of the 70 data points has a gradient of 1.01, which suggests that, on the 
average, the predicted values using Eq. 6.23 obtained from the short-duration 
regression analysis are very close to those computed using the FE analyses 
with the long-duration ground motion.  The upper and lower bounds plotted on 
the figure indicate that the scatter in the smaller data set is not significantly 
different from that shown on Figure 6.26 for short-duration events, and that 
the use of Eq. 6.23 may also under- or over-predict the computed finite 
element output from long-duration events by about 40%.   
Figure 6.29 plots the predicted peak raft accelerations (from Eq. 6.24) 
against the corresponding values obtained from finite element analyses using 
the long-duration ground motion.  The mean trend of the data points describes 
a linear line with a slope of about 0.86, indicating that, on the average, the 
predicted accelerations using the correlation are about 14% smaller than those 
computed using the FE analyses with the long-duration ground motion.  The 
scatter is larger compared to the data points plotted on Figure 6.27, with 
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possible under- and over-predictions of the peak accelerations by up to 27% 
and 46% respectively.   
Overall, the results of Figures 6.28 and 6.29 suggest that, although the 
correlations given by Eqs. 6.23 and 6.24 are obtained from regression analyses 
using short-duration ground motions, they can reasonably be used to obtain 
first-order estimates of maximum bending moment and peak raft acceleration 
for long-duration events with different frequency contents.  
The influence of each individual parameter (e.g. pile length, soil 
stiffness, structural mass, etc) on the maximum pile bending moment is shown 
on Figures 6.30 to 6.37, which plot both the predicted response obtained from 
Eq. 6.23 as well as the output from the relevant finite element simulations.  In 
each case, the values of the other parameters that are kept constant are 
indicated on the figure.     
Similarly, the influences of the various parameters on the peak raft 
acceleration are shown in Figures 6.38 to 6.45. 
 
6.5 Comparison with Centrifuge Test Results 
 
The maximum bending moment and peak raft acceleration correlations, 
Eqs. 6.23 and 6.24, were derived in Section 6.4 using multivariate regression 
analyses of the numerical simulation results.  In this section, the measured 
moments and accelerations from centrifuge tests are compared against those 
obtained using Eqs. 6.23 and 6.24, to examine how well the correlations can 
predict actual experimental measurements.  The centrifuge data are obtained 
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from the tests listed in Table 4.1 for the present study (33 experiments), as 
well as those carried out by Banerjee (2009) and Ma (2010).     
        Figure 6.46 plots the predicted maximum pile bending moments (from Eq. 
6.23) against the values obtained from the centrifuge tests using the short 
duration ground motion.  There are 34 data points in this plot, covering the 12 
tests performed in this study with the 4×3 pile-raft, as well as the 10 tests 
carried out by Banerjee (2009) for the stiff single pile response and Ma (2010) 
for the flexible single pile response.    The mean trend generated by the data 
points yields the equation y = 1.39x, which indicates that the predicted values 
are generally about 40% higher than the measured values.  This discrepancy is 
not unreasonable, and is due to the fact that, while the computed maximum 
moments occur at the pile head, the measured maximum bending moments 
from the centrifuge tests were obtained from the uppermost strain gages 
located at prototype depths of about 2.4 to 3 m below the pile-head. As can be 
seen from Figure 5.29, the comparison between the measured centrifuge 
moments at the strain gauge locations and the computed profiles from FE 
analyses suggests that the maximum bending moment at the pile head level 
(depth = 0) can be up to about 40% larger than the value recorded at the 
uppermost strain gauge location (depth  3m).   
Table 6.1 tabulates the measured and computed bending moment 
information for the tests numerically validated in Chapter 5.  The data shows 
that, on average, the computed bending moment at the pile head is about 39% 
and 32% larger than the respective measured and the computed values at the 
uppermost strain gauge location. Hence, the mean trend equation y = 1.39x 
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shown on Figure 6.46 is deemed to be reasonable, as it is consistent with the 
information shown on Table 6.1. 
Similarly, by employing Equation 6.24, the predicted and measured peak 
raft accelerations associated with the short-duration ground motions are 
plotted in Figure 6.47.  The mean trend of the data points follows the line y = 
0.97x, which suggests that the predictions as a whole are generally quite 
reasonable.  A closer examination indicates that the correlation tends to over-
predict the accelerations for the more flexible pile-raft systems, and under-
predict for the stiffer pile-raft systems.  Overall, the scatter in the data points 
fall within the bounds of 30%, which is consistent with that in Section 6.4.2.  
Figure 6.48 plots the predicted maximum pile bending moments (from 
Eq. 6.23) against the values obtained from the centrifuge tests using the long 
duration ground motions.  All 27 data points in this plot are obtained from the 
centrifuge tests carried out in this current study, which include the tests 
involving the 2×1 and 2×3 pile rafts.  The mean trend of the data points 
follows the line y = 1.27x, which suggests that the predicted values are about 
30% higher than the measured values.  As previously explained, such a slope 
is not unreasonable given that the predicted value is for the pile head moment 
while the measured value is based on the uppermost strain gauge which is 
about 3m below the pile head.   
Figure 6.49 plots the predicted peak raft accelerations (from Eq. 6.24) 
against the values obtained from the centrifuge tests using the long duration 
ground motions.  The mean data trend follows the line y = 0.93x, which 
suggests that, on average, the predicted values tend to underpredict the 
measured values by about 7%.  Overall, the scatter bounds are not 
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unreasonable, with the over-prediction and under-prediction generally limited 
to less than 5% and 28%, respectively.   
From the above discussions, it is noted that the semi-empirical 
correlations given by Eqs. 6.23 and 6.24 can provide reasonable predictions of  
the measured maximum pile bending moments and peak raft accelerations 
obtained from centrifuge test data of both the present and previous studies.  
Despite being derived using regression analysis of results from FE simulations 
using the short-duration ground motions, the correlations are found to perform 
reasonably well for cases associated with long-duration ground motions. 
Hence, from an engineering standpoint, the correlations can serve as a useful 
tool for estimating maximum pile bending moments and peak raft 
accelerations due to both short and long-duration far-field seismic events. 
 
6.6 Pile Spacing Effect on Pile Bending Moment Response 
         
        In this section, the effect of pile spacing on the maximum pile bending 
moment is investigated using a series of 2×1 pile group models with varying 
pile spacings.  As shown in Figure 6.50, there are 5 numerical models 
employed with pile spacings of 21 D, 9 D, 6 D, 3 D and 2 D respectively. 
        For a pile modulus of 70 GPa and a structural mass loading of 27 tonne 
per pile, Figure 6.51 shows the maximum bending moment profiles for 2×1 
sparse pile group samples with different pile spacings.  Overall, the computed 
bending moment profiles have very similar shapes, with the crossover from 
positive to negative moments occurring at a depth of about 10 m (10 D).  For 
all practical purposes, there is negligible difference in the moment profiles at 
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depths larger than 9 m (9 D).  The discrepancies are more conspicuous at 
shallower depths nearer to the pile head, where the larger pile spacing leads to 
larger bending moment.  The maximum bending moment varies from about 
2000 to 2200 kNm for pile spacings ranging from 2D to 21D.   However, 
beween the pile spacing of 9D and 21D, the change in the computed bending 
moment profiles is quite insignificant despite the large increase in spacing.  In 
the following discussion, the maximum pile head bending moment at a pile 
spacing of 21D is taken as the ‘converged’ value, beyond which it does not 
change with further increases in pile spacing.  All normalized bending 
moments are calculated with reference to this converged value based on the 
21D pile spacing.  
        Figure 6.52 shows how the normalized bending moment varies with the 
pile spacing, for different values of the pile flexural stiffness EpIp and 
structural mass.  The results indicate that the normalized bending moment is 
more sensitive to changes in pile spacing when very stiff piles (e.g. steel) are 
used.  For such stiff piles, the smaller the structural mass, the more sensitivity 
is the normalized moment to the pile.  For example, for the applied structural 
mass of 243.4 tonne per pile (green dashed line), the normalized bending 
moments for the four different piles remain relatively unchanged from 0.97 to 
0.98 when pile spacing is 2D.  However, for the smallest applied structural 
mass of 27 tonne per pile (black line with solid square) and a pile spacing of 
2D, the normalized moment ranges from 0.90 for the pile with modulus 210 
GPa to 0.97 for the pile with modulus 5 GPa when pile spacing is 2D. 
       Figure 6.53 re-plots the normalized maximum pile bending moments 
versus the structural mass per pile for different pile types with the pile spacing 
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of 2D.  As can be seen, for all the cases considered, the differences in the 
maximum seismic pile bending moment among models with different pile 
spacings are generally less than 10%. This suggests that, from a practical 
engineering standpoint, the effect of pile spacing on the maximum seismic-
induced pile bending moment may not be significant. As a conservative 
practice for engineering design, it is recommended to increase the predicted 
maximum bending moment using Eq. 6.23 by 10% when large pile spacings 
(such as 9 D) are involved. 
        The above findings appear to be different from the conclusions reported 
in some previous studies, where pile spacing was found to significantly 
influence the pile bending and shear responses (e.g. Burr et al., 1994 &1997; 
Rollins et al., 2005a & 2005b). This discrepancy could be due in large part to 
the static or cyclic loads being directly applied at or near the pile head in these 
previous studies, so that only the inertial effects from the superstructure were 
present, while the kinematic effects imposed by the soils due to the upward 
propagation of seismic shear waves were not accounted for. Hence, the 
loading mechanism on the piles, either in the form of seismic shear waves or 
an externally applied lateral loading at the pile head, has a significant 
influence on the resulting pile-raft system response.         
 
6.7 Pile Diameter Effect on Pile Bending Moment Response 
         
In the earlier parametric studies, the flexural stiffness of the pile was 
changed by varying the Young’s modulus of the pile, while the pile diameter 
was kept constant at 1 m.  Alternatively, changes to the flexural stiffness may 
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be due to changes in the pile size or section, while the material remains 
unchanged.  Through a series of numerical simulations, this section examines 
the effect on the maximum bending moment caused by varying the pile 
diameter while keeping the pile flexural rigidity and mass unchanged.    
        Figure 6.54 shows the 3-D finite element model set up for this study, with 
three different 2×1 pile-raft sub-models having pile diameters of 0.5m, 1m and 
2m.  With a fixed centre-to-centre distance of 20m, these correspond to pile 
spacings of 40D, 20D and 10D respectively, which are sufficiently far apart so 
that spacing effects may be regarded as negligible, as discussed in the previous 
section.   
        A total of 12 simulations were carried out, the details of which are 
presented in Table 6.2. These simulations are divided into 6 groups (A to F) of 
increasing flexural rigidity.  Within each group of 2 simulations (e.g. A-1 and 
A-2), the pile diameter, modulus, and density are varied so that the flexural 
rigidity EpIp and the pile mass are kept constant.  The first 3 groups (A-C) 
involved pile diameters of 0.5m and 1m, while the last 3 groups (D-F) 
involved pile diameters of 1m and 2m. 
        Figure 6.55 plots the computed maximum bending moment profiles for 
the simulations of Groups A and F.  which indicates that the maximum 
bending moment profiles compare favorably well between each other. Within 
each group of 2 simulations with constant EpIp, there is good agreement 
between the maximum bending moment profiles despite the different pile 
diameters. 
Figure 6.56(a) plots the maximum pile bending moments against the pile 
flexural stiffness based on the simulations in Groups A to C.  The 
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corresponding results for Groups D to F are shown in Figure 6.56(b).    In each 
plot, there is good agreement between the two sets of results obtained using 
different pile diameters.  Hence, the influence of pile diameter on the 
computed maximum bending moment does not appear to be significant, as 
long as the pile flexural stiffness and pile mass remain unchanged. 
 
6.8 Concluding Remarks 
    
This chapter presents the results from parametric studies involving a 
comprehensive suite of 3-D finite element analyses of a 5×5 pile-group 
foundation embedded in a soft clay layer and subjected to short-duration 
ground motions. A total of 330 simulations were carried out, in which 8 
parameters were varied.  These are: pile length, pile stiffness, structural mass 
(acting on the raft), peak base acceleration, soil stiffness, pile density, soil 
strength (given by slope of critical state line) and soil thickness. Using the 
results from the parametric studies together with dimensional analysis, semi-
empirical correlations were derived for predicting the maximum pile bending 
moment and peak raft accelerations.   
The performance of the maximum bending moment and peak 
acceleration correlations is examined by comparison with the corresponding 
results from 3-D finite element simulations, as well as the centrifuge test data 
from the present and previous studies.  Despite the scatter, there is generally 
good agreement between the predicted and computed/measured values, 
especially in the mean trends.  Furthermore, the correlations derived using 
results of FE simulations using short-duration ground motions were found to 
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work reasonably well for predictions of the foundation performance associated 
with the long-duration ground motion. Overall, the correlations provide a 
useful engineering tool for obtaining first order estimates of the maximum 
bending moment and peak raft accelerations for foundation systems installed 
in soft clay deposits and subjected to seismic base excitation.      
The influence of pile spacing and pile radius on the maximum pile 
bending moment response were also investigated separately using a series of 
3-D finite element models with 2×1 pile group.  It was found that the 
maximum pile bending moment tend to increase with the pile spacing, and 
reaches a limiting value at a pile spacing of about 9 times the pile diameter.  
However, given that the increase in bending moments is only about 10%  or 
less, it appears that pile spacing effects are not significant for foundations 
subjected to seismic loading.  Also, it was found that the pile radius has little 
effect on the maximum pile bending moment response if the pile flexural 
stiffness and the applied mass per pile remain unchanged.  
 
 




Table 6.1 Maximum bending moment comparison between the location of uppermost 

































































































334.1 Short, large 545.5 619.6 855.3 56.8 38.0 
mstr: structural mass (including self-weight of raft);  
Mmax,s: maximum bending moment at the location of uppermost strain gauge; 
Mmax,h: maximum computed bending moment at pile head. 
 
 
Table 6.2 Numerical simulations performed to investigate the influence of pile 
diameter 
No.        Ep (MPa)        EpIp (kNm
2
 )       Dpile (m)       ρpile (g/cm
3
)      mpile (tonne)        lp (m) 
A-1        30,000             9.20×10
4
               0.5                  10.8                 31.8                  15 
A-2        1,875               9.20×10
4
               1                      2.7                  31.8                  15 
B-1        80,000             2.45×10
5                       
0.5                  10.8                 31.8                  15 
B-2        5,000               2.45×10
5                       
1                      2.7                  31.8                  15 
C-1        210,000           6.44×10
5                       
0.5                  10.8                 31.8                  15 
C-2        13,125             6.44×10
5                       
1                      2.7                  31.8                  15 
D-1        80,000             3.93×10
6                       
1                     10.8                127.2                 15 
D-2        5,000               3.93×10
6                       
2                      2.7                 127.2                 15 
E-1        160,000           7.85×10
6                        
1                     10.8                127.2                 15 
E-2        10,000             7.85×10
6                        
2                      2.7                 127.2                 15 
F-1        480,000           2.36×10
7                        
1                     10.8                127.2                 15 
F-2        30,000             2.36×10
7                        
2                      2.7                 127.2                 15 
EpIp: pile flexural rigidity; Dpile: pile diameter; ρpile: pile density; mpile: mass per pile; 
lp: pile length.  
 
 



























(c) Model-3, Pile length of 25 m                                  (d) Model-4, pile length of 35 m 
 





(17320 nodes, 15200 linear brick element 
C3D8R, 270 linear beam element B31) 
4 m 
(21650 nodes, 19200 linear brick element 
C3D8R, 345 linear beam element B31) 
4 m 
(25980 nodes, 23200 linear brick element 
C3D8R, 420 linear beam element B31) 
4 m 
(30310 nodes, 27200 linear brick element 























Figure 6.2 Computed maximum pile bending moment profiles for piles with different 















Figure 6.3 Computed maximum pile bending moment profiles for piles with different 
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 kPa, M=0.9, 
Hsoil=16.2 m) 
 

















Figure 6.4 Computed maximum pile bending moment profiles for different structural 















Figure 6.5 Computed maximum pile bending moment profiles for similar short-
























































 kPa, M=0.9, 
Hsoil=16.2 m) 
 
















Figure 6.6 Computed maximum pile bending moment profiles for soils with different 
















Figure 6.7 Computed maximum pile bending moment profiles for different slopes of 

























(lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3














































Figure 6.8 Computed maximum pile bending moment profiles with different pile 












(a) Pile length=15 m                                          (b) Pile length=25 m 
 
Figure 6.9 Computed maximum pile bending moment profiles with different soft soil 















































































Figure 6.10 Influence of pile length on the maximum pile head bending moment for 
























































Ep=5 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=30 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=30 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=1030(p')
0.653 
Ep=30 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=4120(p')
0.653 
Ep=30 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 
Ep=30 GPa, mstr=1919 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=1919 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=1030(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=1.76 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=1.76 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=7.85 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g,  ρpile=2.7 g/cm
3, M=0.8, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=210 GPa, mstr=1919 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=210 GPa, mstr=6086 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=210 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=210 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 





Figure 6.11 Influence of pile length on the peak raft acceleration for short-duration 


















































Ep=5 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
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Ep=30 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
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Ep=70 GPa, mstr=1919 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=1030(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=1.76 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=1.76 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=7.85 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g,  ρpile=2.7 g/cm
3, M=0.8, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 
Ep=70 GPa, mstr=729 tonne,   PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 
Ep=210 GPa, mstr=1919 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
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Ep=210 GPa, mstr=6086 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
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Ep=210 GPa, mstr=729 tonne,   PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
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Ep=210 GPa, mstr=729 tonne,   PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 






Figure 6.12 Influence of pile Young’s modulus on the maximum pile head bending 
























































lp=15 m, mstr=729 tonne,  PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=16.2 m 
lp=15 m, mstr=729 tonne,  PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=16.2 m 
lp=15 m, mstr=729 tonne,  PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=16.2 m 
lp=20 m, mstr=729 tonne,  PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=21.2 m 
lp=25 m, mstr=729 tonne,  PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=26.2 m 
lp=25 m, mstr=729 tonne,  PBA= 0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=26.2 m 
lp=25 m, mstr=729 tonne,  PBA= 0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=26.2 m 
lp=35 m, mstr=729 tonne,  PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=35 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=15 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp= 5 m, mstr=729 tonne,  PBA=0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=15 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.8, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=15 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=1030(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=1.76 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=7.85 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=0.8, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0562 g, ρpile=2.7 g/cm
3, M=1.2, Gmax=2060(p')
0.653 , Hsoil=36.2 m 
lp=25 m, mstr=729 tonne,  PBA=0.0135 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 







Figure 6.13 Influence of pile Young’s modulus on the peak raft acceleration for short-



















































lp=15 m, mstr=729 tonne,  PBA= 0.1345 g, ρpile=2.7 g/cm
3, M=0.9, Gmax=2060(p')
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3, M=0.9, Gmax=2060(p')
0.653 , Hsoil=36.2 m 







Figure 6.14 Influence of structural mass on the maximum pile head bending moment 






























































lp=15 m, Ep=70 GPa,  PBA= 0.1345 g, Hsoil=16.2 m 
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lp=25 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa,  PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa,  PBA=0.0562  g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa,  PBA=0.0562  g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 







Figure 6.15 Influence of structural mass on peak raft acceleration for short-duration 























































lp=15 m, Ep=70 GPa,  PBA= 0.1345 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa,  PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa,  PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=16.2 m 
lp=25 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa,  PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa,  PBA=0.0562  g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa,  PBA=0.0562  g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa,  PBA=0.1345 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa,  PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa,  PBA=0.0562 g, Hsoil=36.2 m 





Figure 6.16 Influence of peak base acceleration on the maximum pile head bending 
































































lp=15 m, Ep=5 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=210 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, Hsoil=21.2 m 
lp=20 m, Ep=210 GPa, mstr=729 tonne, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=210 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp= 5 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, mstr=1919 tonne, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 






Figure 6.17 Influence of peak base acceleration on peak raft acceleration for short-

























































lp=15 m, Ep=5 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=15 m, Ep=210 GPa, mstr=729 tonne, Hsoil=16.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, Hsoil=21.2 m 
lp=20 m, Ep=210 GPa, mstr=729 tonne, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=25 m, Ep=210 GPa, mstr=729 tonne, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, mstr=1919 tonne, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=5 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, Hsoil=36.2 m 





Figure 6.18 Influence of soft soil stiffness on the maximum pile head bending 





























































lp=15 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=20 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa, PBA=0.0562 g, Hsoil=36.2 m 
   1030(p')0.653                      2060(p')0.653                     3090(p')0.653                        4120(p')0.653 

































































lp=15 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=20 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.1345 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa, PBA=0.0562 g, Hsoil=36.2 m 
 1030(p')0.653                      2060(p')0.653                     3090(p')0.653                        4120(p')0.653 





Figure 6.20 Influence of slope of critical state line on maximum pile head bending 
































































lp=15 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=20 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=21.2 m 
lp=20 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=26.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=36.2 m 
lp= 5 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 






 Figure 6.21 Influence of slope of critical state line on peak raft acceleration for short-





























































lp=15 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=16.2 m 
lp=20 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=21.2 m 
lp=20 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, PBA=0.1345 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=21.2 m 
lp=25 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=26.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, PBA=0.0135 g, Hsoil=36.2 m 
lp= 5 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, PBA=0.0562 g, Hsoil=36.2 m 






Figure 6.22 Influence of pile density on maximum pile head bending moment for 






















































lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=16.2 m 
lp=20 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=21.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=1919 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 




























































lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, Hsoil=16.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=16.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=16.2 m 
lp=20 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=21.2 m 
lp=20 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=21.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=26.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=26.2 m 
lp=35 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, Hsoil=36.2 m 
lp=35 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=35 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.1345 g, Hsoil=36.2 m 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=1919 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=15 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, Hsoil=36.2 m 






Figure 6.24 Influence of soil thickness on the maximum pile head bending moment 





















































lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=6086 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=7.85 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=4120(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=1.76 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=6086 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=15 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=210 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=5 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp= 5 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=25 m, Ep=70 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=1030(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.8 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0135 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 

























































lp=15 m, Ep=5 GPa, mstr=729 tonne, PBA=0.0135 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=6086 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=7.85 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=30 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=4120(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=1.76 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=6086 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=15 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=15 m, Ep=210 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=5 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp= 5 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=30 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=25 m, Ep=70 GPa, mstr=1919 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.1345 g, ρpile=2.7 g/cm
3, Gmax=1030(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.8 
lp=25 m, Ep=70 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=1.2 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0135 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 
lp=25 m, Ep=210 GPa, mstr=729 tonne, PBA=0.0562 g, ρpile=2.7 g/cm
3, Gmax=2060(p')
0.653 , M=0.9 


















Figure 6.26 Predicted (using Equation 6.23) versus FE computed maximum pile 




























































FE computed maximum pile bending moment (kNm) 




Upper bound line 
y=1.446x 


















Figure 6.27 Predicted (using Equation 6.24) versus FE computed peak raft 























































FE computed peak raft acceleration (g) 
Upper bound line 
y=1.3x 









Figure 6.28 Predicted (using Equation 6.23) versus FE computed maximum pile 






































































FE Computed maximum pile bending moment (kNm)  




Upper bound line y=1.44x 






Figure 6.29 Predicted (using Equation 6.24) versus FE computed peak raft 


























































FE Computed peak raft  acceleration (g) 
Upper bound line y=1.46x 
Lower bound line y=0.73x 
y = 0.8587x 
R² = 0.8652 








Figure 6.30 Predicted (Eq. 6.23) and FE computed results showing influence of pile 







Figure 6.31 Predicted (Eq. 6.23) and FE computed results showing the influence of 
pile Young’s modulus on maximum pile bending moment with short-
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FEM calculation


































Young's modulus of pile (GPa) 
FEM calculation
Predicted by equation 6.23




























Figure 6.32 Predicted (Eq. 6.23) and FE computed results showing the influence of 
structural mass on maximum pile bending moment with short-duration 






Figure 6.33 Predicted (Eq. 6.23) and FE computed results showing the influence of 
peak base acceleration on maximum pile bending moment with short-
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FEM calculation





























Peak base acceleration (g) 
FEM calculation
Predicted by equation 6.23



































Figure 6.34 Predicted (Eq. 6.23) and FE computed results showing the influence of 
small-strain shear modulus on maximum pile bending moment with 







Figure 6.35 Predicted (Eq. 6.23) and FE computed results showing the influence of 
the slope of critical state line on maximum pile bending moment with 
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FEM calculation





























Small-strain shear modulus Gmax (kPa) 
FEM calculation
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Predicted by equation 6.23 




, M=0.9,  Hsoil=36.2 m) 


















Figure 6.36 Predicted (Eq. 6.23) and FE computed results showing the influence of 
pile density on maximum pile bending moment with short-duration 






Figure 6.37 Predicted (Eq. 6.23) and FE computed results showing the influence of 
thickness of soft soil layer on maximum pile bending moment with 
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FEM calculation






























Soft soil thickness  Hsoil (m) 
FEM calculation
Predicted by equation 6.23
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Figure 6.38 Predicted (Eq. 6.24) and FE computed results showing the influence of 






Figure 6.39 Predicted (Eq. 6.24) and FE computed results showing the influence of 




























Pile length (m) 
FEM calculation

























Young's modulus of pile (GPa) 
FEM calculation
Predicted by equation 6.24
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Figure 6.40 Predicted (Eq. 6.24) and FE computed results showing the influence of 







Figure 6.41 Predicted (Eq. 6.24) and FE computed results showing the influence of 
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FEM calculation























Peak base acceleration (g) 
FEM calculation
Predicted by equation 6.24




























Figure 6.42 Predicted (Eq. 6.24) and FE computed results showing the influence of 
small-strain soil shear modulus on peak raft acceleration with short-






Figure 6.43 Predicted (Eq. 6.24) and FE computed results showing the influence of 
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FEM calculation
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FEM calculation
Predicted by equation 6.24
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Figure 6.44 Predicted (Eq. 6.24) and FE computed results showing the influence of 







Figure 6.45 Predicted (Eq. 6.24) and FE computed results showing the influence of 



























Pile density (g/cm3) 
FEM calculation

























Soft soil layer thickness Hsoil (m) 
FEM calculation
Predicted by equation 6.24





M=0.9 , Hsoil=21.2 m) 
























Figure 6.46 Predicted (using Equation 6.23) and measured maximum pile bending 























































Measured maximum pile bending moment (kNm) 
Stiff single pile-Banerjee (2009)
Flexible single pile-Ma (2010)
Stiff 4×3 pile group-outer pile
Stiff 4×3 pile group-inner pile
Flexible 4×3 pile group-outer pile




Stiff single pile: 0.9 m diameter hollow steel single pile;    
Flexible single pile: 0.5 m diameter hollow steel single pile; 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   



















Figure 6.47 Predicted (using Equation 6.24) and measured peak raft accelerations 















































Measured peak raft acceleration (g) 
Stiff single pile-Banerjee (2009)
Flexible single pile-Ma (2010)
Stiff 4×3  pile group




Upper bound line 
y=1.33x 




Stiff single pile: 0.9 m diameter hollow steel single pile;    
Flexible single pile: 0.5 m diameter hollow steel single pile; 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   

















Figure 6.48 Predicted (using Equation 6.23) and measured maximum pile bending 
























































Measured maximum pile bending moment (kNm) 
Stiff 2×1 sparse pile group
Stiff 2×1 compact pile group
Stiff 2×3 pile group
Stiff 4×3 pile group-outer pile
Stiff 4×3 pile group-inner pile
Flexible 4×3 pile group-outer pile




Stiff 2×1 sparse pile group: 1 m diameter 2×1 aluminum sparse pile group 
Stiff 2×1 compact pile group: 1 m diameter 2×1 aluminum compact pile group 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   






















Figure 6.49 Predicted (using Equation 6.24) and measured peak raft accelerations 












































Measured peak raft acceleration (g) 
Stiff 2×1 sparse pile group
Stiff 2×1 compact pile group
Stiff 2×3 pile group
Stiff 4×3 pile group






Lower bound line  
y=0.72x 
Upper bound line  
y=1.05x 
Stiff 2×1 sparse pile group: 1 m diameter 2×1 aluminum sparse pile group 
Stiff 2×1 compact pile group: 1 m diameter 2×1 aluminum compact pile group 
Stiff 4×3 pile group: 1 m diameter 4×3 aluminum pile group;   











































Figure 6.50 3D finite element models used for studying the influence of different pile 
spacings (D=pile diameter) 
  
(a) Half model     
(11305 nodes, 9144 linear brick element C3D8R, 
136 linear beam element B31)                          
(b) 2×1 pile raft with 21 D pile spacing  
(c) 2×1 pile raft with 9 D pile spacing  (d) 2×1 pile raft with 6 D pile spacing  
(e) 2×1 pile raft with 3 D pile spacing  (f) 2×1 pile raft with 2 D pile spacing  





Figure 6.51 Maximum bending moment profiles for 2×1 sparse pile groups with 




















































































































Pile spacing (D) 
Structural mass=243.4
tonne per pile, E=5 GPa
Structural mass=76.8
tonne per pile, E=5 GPa
Structural mass=27 tonne


































Pile spacing (D) 
Structural mass=243.4
tonne per pile, E=30 GPa
Structural mass=76.8
tonne per pile, E=30 GPa
Structural mass=27 tonne


































Pile spacing (D) 
Structural mass=243.4 tonne
per pile, E=70 GPa
Structural mass=76.8 tonne
per pile, E=70 GPa



































Pile spacing (D) 
Structural mass=243.4
tonne per pile, E=210 GPa
Structural mass=76.8 tonne
per pile, E=210 GPa
Structural mass=27 tonne
per pile, E=210 GPa





Figure 6.53 Influence of structural mass on the normalized maximum bending 







































































































(11381 nodes, 9352 linear brick element 
C3D8R, 34 linear beam element B31) 
(a) Half model of the 2×1 pile-raft-soil system                 (b) 2×1 pile-raft (pile diameter=2 m) 

































Figure 6.56 Computed maximum bending moment versus pile flexural rigidity for 












































































Pile flexural rigidity (kNm2) 
Pile diameter=2 m
Pile diameter=1 m





CHAPTER 7 SUMMARY AND 




        This thesis presents and discusses the results of an experimental and 
numerical study on the dynamic response of pile foundations in soft clay due 
to seismic base excitations. The research consisted of three major components: 
(1) a series of seismic centrifuge tests on pile-raft systems embedded in kaolin 
clay beds; (2) 3-D finite element validation of the seismic centrifuge tests; and 
(3) numerical parametric studies to investigate the influences of key 
parameters on the seismic response of pile groups embedded in soft soils, from 
which semi-empirical correlations for predicting the maximum pile bending 
moment and peak raft accelerations were derived. 
7.1.1 Centrifuge Modelling 
 
        The results from a series of centrifuge tests on the dynamic response of 
pile foundations embedded in soft kaolin clays due to seismic base excitation 
were presented. The tests were performed using the geotechnical centrifuge 
facility at the National University of Singapore.  Two types of piles were used: 
(a) 14 m long and 1 m diameter solid aluminum pile, and (b) 14 m long and 
0.5 m diameter hollow steel pile with 0.05 m wall thickness. The piles were 
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affixed to the raft via through bolts, thus providing a relatively rigid 
connection. Four different model pile groups were fabricated and tested: 2×1 
sparse, 2×1 compact, 2×3 and 4×3 pile groups. Two series of ground motions 
were adopted to simulate the short- and long-duration earthquake events which 
may arise from the Great Sumatran Fault and Sunda Subduction Trench 
respectively.  
        The centrifuge test results showed that the excess pore pressures induced 
by the seismic shakings in the soft kaolin clays were quite small compared to 
the corresponding hydrostatic pore pressures, with cyclic pore pressure ratios 
generally less than 6%. This finding is not surprising as the soft clays 
generally have very low permeabilities and their void ratios undergo very little 
change during seismic shaking compared to liquefiable sandy soils. 
        The acceleration response at the clay surface and raft top showed that the 
ground motion propagating from the bedrock can be amplified significantly 
and that their dominant periods were generally lengthened compared to the 
input base motion. The peak accelerations measured at the raft top and clay 
surface increased approximately linearly with increasing earthquake intensity 
(or peak base acceleration). Besides, both the raft resonance period and the 
peak spectral acceleration amplification factor were found to be influenced by 
the pile type, pile group size and structural mass in varying degrees. Due to the 
soil-pile-raft interaction, the accelerations measured at the raft were different 
from those of the free-field clay surface response in terms of the peak 
acceleration value as well as the dominant period.  This observation indicates 
that the pile foundation does not move in tandem with the surrounding soil.  
Hence, the use of free-field surface motion as loading input for the dynamic 
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structural analysis of building response without accounting for the soil-
foundation interaction is not strictly correct, even though it is a common 
engineering practice.          
        On the other hand, centrifuge test results indicate that pile bending 
moment increase with pile spacing, pile flexural stiffness, motion intensity and 
structural mass, but decrease with increasing pile group size. For the stiff solid 
aluminum pile group, the outer piles generally develop somewhat larger 
bending moments than the inner piles. This is akin to a frequently observed 
phenomenon called “shadowing effect” during lateral tests on pile group. For 
the more flexible hollow steel pile group, the outer piles and inner piles 
behave quite similarly and hence the “shadowing effect” is not significant. In 
addition, although the flexible piles generally develop much lower bending 
moments near the pile head compared to the solid aluminum piles, they 
experience higher negative bending moments at greater depths. This suggests 
that, for flexible piles, the inertial effect from superstructure attenuates much 
faster and bending moments at greater depths are predominantly induced by 
the kinematic loadings from the surrounding soils. Furthermore, both the raft 
acceleration and pile bending moment response suggest that there is a critical 
stiffness-to-mass ratio (of about 20), or a critical pile number, beyond which 
the resonance period and the maximum pile bending curvature of the pile-raft-
soil system decrease very slowly, and may be considered relatively unchanged. 
This may serve as a useful practical design consideration when analyzing the 
seismic response of pile groups. 
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7.1.2 Numerical Validation of Seismic Centrifuge Tests 
 
3-D finite element analyses of a selected number of centrifuge tests were 
carried out for the numerical validation exercise.  These analyses were 
performed using the general purpose finite element program ABAQUS 6.11 
and incorporated a user-defined VUMAT subroutine in which was coded the 
hyperbolic-hysteretic soil model proposed by Banerjee (2009).  
The computed acceleration histories at the free-field clay surface and at 
the raft top showed reasonably good agreement with the measured centrifuge 
data, with the differences between the computed and measured peak 
accelerations generally less than 14%.  For the pile bending moment response, 
it was found that the numerical simulations provided better predictions for the 
outer piles than the inner piles, with the differences between the computed and 
measured maximum bending moments at the uppermost strain gauge location 
generally less than 17% for the outer piles.  However, for the more flexible 
hollow-steel piles, the numerical simulations tended to overestimate the 
bending moments for the inner piles at shallower depths and underestimate the 
negative bending moments at greater depths.   
Given the complex nature of the seismic soil-pile-raft interaction 
problem considered in this study, it is felt that, as a whole, the results of the 3-
D finite element simulations compare favorably with those measured in the 
centrifuge tests, especially for the maximum bending moment near the pile 
head and the peak raft acceleration.  Hence, the numerical approach adopted 
for the validation analyses is also used to carry out an extended suite of finite 
element simulations for a detailed parametric study of the seismic soil-pile-raft 
interaction problem.  
Chapter 7 Summary and Recommendations for Future work 
293 
 
7.1.3 Parametric Studies on Seismic Soil-Pile-Raft Interaction 
 
Using the same 3-D modeling approach adopted in the validation study, 
further numerical simulations were performed as part of a detailed parametric 
study of the key factors influencing the performance of a soil-pile-raft system 
under seismic excitation.  The parametric study was carried out for a 5×5 pile 
group foundation subjected to a series of short-duration ground motions.  Key 
factors, such as the pile length, thickness of soft soil layer, Young’s modulus 
of the pile, structural mass (including raft self-weight), peak base acceleration, 
soil strength and pile density, were varied during the parametric study. In 
addition, the influence of pile radius and pile spacing on the pile bending 
moment and raft acceleration responses were also examined numerically.    
        Based on the Buckingham π theorem, the parameters considered in the 
parametric studies were grouped into a number of dimensionless terms. These 
dimensionless terms, together with their unknown exponents, were then 
combined and rearranged to obtain semi-empirical correlations for predicting 
the maximum pile bending moment and peak raft acceleration, respectively. 
The proposed correlations were calibrated by performing multivariate 
regression analysis using the numerical results from the parametric studies, 
from which the various exponents for the dimensionless terms can be obtained.  
From a practical engineering standpoint, the resulting correlations for the 
maximum pile bending moment and peak raft acceleration were found to 
provide reasonable predictions for both the finite element simulation results 
and centrifuge test data. 
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 7.2 Recommendations for Future Work 
 
       The present and previous studies (such as Banerjee, 2009; Ma, 2010; and 
Zhao, 2013) have yielded valuable experimental and numerical results and 
provided insight into the seismic response of pile-raft foundations embedded 
in soft soils.  However, the dynamic soil-pile-raft interaction is too complex to 
be fully understood as yet. Further research is needed to improve the 
understanding into this issue, which will hopefully lead to more specific 
guidelines and codes of practice for the practical design and construction of 
piled buildings against earthquake risks. 
 
7.2.1 Recommendations for Further Centrifuge Test 
 
        More seismic centrifuge tests on pile foundation embedded in soft soils 
should be continued as proposed below. 
(1) In the current study, normally consolidated kaolin clay was used. Future 
study should examine the influence of overconsolidation effects on the 
resulting soil-pile-raft interaction response.  
(2) In the current study, piles were installed so that they were essentially 
resting on top of the thin bottom sand layer, with minimum rotational 
restraint at the pile tips.  For future studies, the piles should be installed 
with greater embedment into the stiffer sand layer, so that the socketing 
effect can be further investigated.  
(3) A more detailed and explicit modeling of the superstructure, instead of the 
added masses used in this study, should be adopted in the centrifuge tests.  
This leads to a more realistic representation of a typical building and its 
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foundation system under seismic loading conditions in the field, and will 
allow the effects of both the superstructural stiffness and mass on the soil-
pile-raft system to be modeled and measured.   
 
7.2.2 Recommendations for Further Numerical Simulation 
 
The current numerical simulations employed a hyperbolic type 
hysteresis soil constitutive model. Although the numerical simulations could 
reasonably replicate the centrifuge test, there is still room for improvement in 
various aspects. 
 
 (1) Soil-pile interface 
        In the present numerical model, the pile and soil elements shared the 
same nodes at the interface, which implies that no gapping and slippage during 
the shaking analysis was permitted. However, slippage and gapping may occur 
under field conditions involving strong seismic shaking. A modeling technique 
which allows the soil and pile elements to separate and/or undergo relative 
sliding during the calculations should be considered in the future work. 
 
 (2) Soil plasticity  
        The present hyperbolic-hysteresis soil constitutive model does not 
incorporate the concept of plastic deformation.  However, as soils are 
essentially materials that exhibit significant plasticity, it would be theoretically 
more satisfying and complete to incorporate the concept of plasticity into this 
model. 
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 (3) Soil-water coupled analysis 
        The current numerical approach is formulated based on the total stress 
analysis method; the build-up and dissipation of excess pore pressures were 
not considered. Although the centrifuge test results indicate that the build-up 
of excess pore pressures in the soft soils due to earthquake loadings were 
generally negligible, the incorporation of such a feature would greatly enhance 
the versatility and modeling capability of the program for analyzing the 
seismic response of foundations in different soil types. 
 
In addition to the results and discussions presented in this thesis based 
on the current study, the suggested recommendations for future studies should 
further help to advance the state-of-the-knowledge pertaining to the dynamic 
response of pile foundations embedded in soft soils during seismic events.  It 
is hoped that such advances will, in turn, lead to improvements in the state-of-
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APPENDIX A   EFFECT OF JOINT FLEXIBILITY 
 
In the pile-raft system, the piles are connected to the raft via a through 
bolt system. Such a connection may not be perfectly rigid, but may exhibit a 
certain degree of flexibility which may influence the deflections along the pile 
shaft. The experimental procedure for evaluating the rotational stiffness at this 
connection is presented in this Appendix.   
As shown in Figure A.1, the pile-raft system used in the centrifuge 
model was attached to a rigid vertical platform to simulate the cantilever 
condition. Dead weights were then gradually suspended from the pile tip, and 
the resulting deflection near the pile tip was measured by a dial gauge. 
        Theoretically, the rotational angle and deflection at the tip can be 
expressed by 






                                                                     (A.1) 







                                                                   (A.2) 
where,  is the rotational angle of the pile at the pile tip 
             F is load applied at the pile tip 
             L is the length of the pile 
            EI is the flexural stiffness of the pile 
           0  is the rotation angle of pile-raft joint due to joint flexibility 
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           y is the deflection of the pile at pile tip 
 
         For a perfectly rigid cantilever, 0 equals zero.  However, for the pile-raft 
system considered in this study, 0  is a very small value, but not zero. It is 
assumed that the measured and theoretical deflections can be correlated by the 
following equation: 
 














                                                   (A.3) 
in which, my  and ty  are the measured and theoretically predicted deflections 
at the pile tip, respectively; k is a constant dependent on the flexibility of the 
joint at the cantilever end. 
           From equation A.3, it can be obtained that,  







                                                                   (A.4) 
Substituting equation A.4 into equation A.1 leads to 
             
2 2 22 1
( 1)
2 3 3 2





                                       (A.5) 
Equation A.5 can be rewritten in the following form 
            
2 22 1





                                                      (A.6) 
 in which eqE  is the equivalent Young’s modulus and can be expressed as 







                                                                  (A.7) 
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        The above equation gives the equivalent Young’s modulus taking into 
consideration the flexibility at the cantilever joint. 
Figures A.2 and A.3 plot the measured and theoretical deflections at the 
point 1 cm from the pile tip for both the solid aluminum and hollow steel piles, 
respectively. Figures A.2(a) and A.3(a) show that the measured and theoretical 
deflections near the pile tip compare well for both the solid aluminum and 
hollow steel piles. Figures A.2(b) and A.3(b) show that the measured and 
theoretical deflections can be correlated by a linear line, the slope of which 
indicates that the finite rotational stiffness of the pile-raft joint causes the 
measured deflections to be about 2.1% and 1% larger than the theoretical 
deflections for the solid aluminum and hollow steel piles, respectively.   
Taking the solid aluminum pile as an example, k equals 1.0211. 
Substituting the k value into equation A.7 leads to 0.986eqE E , which 
means that the Young’s modulus should be decreased by about 1.4%.  The 
effect of such a modulus adjustment on the resulting pile bending moment and 
raft acceleration response is investigated numerically as follows.  
The numerical model shown in Figure 5.10 for the centrifuge experiment 
with the 4×3 aluminum pile group was used for the numerical simulations 
herein.  Two numerical simulations were performed, the conditions and 
parameters of which are shown on Table A.1. To be conservative, a 5% 
reduction of the Young’s modulus is applied to the piles modeled in the case-2 
simulation. Based on the preceding joint stiffness calculations from 
experimental measurements, such a reduction is more than adequate to 
simulate the non-rigid connection between the pile head and the raft.   
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Figure A.4 plots the raft acceleration responses from the calculations 
with and without consideration of joint flexibility at the pile-raft connection. It 
can be seen that the two simulations yield practically identical raft acceleration 
responses.   
Figure A.5 plots the computed maximum bending moment profiles for 
the outer and inner piles from the calculations with and without consideration 
of joint flexibility at the pile-raft connection. It can be seen that the maximum 
bending moment profiles obtained from the two simulations with the rigid 
joint and the joint with reduced stiffness are quite comparable, with the 
maximum bending moments near the pile head of about 774 and 763 kNm 
respectively for the outer pile (1.4% difference) and 897 and 881 kNm 
respectively (1.8% difference) for the inner pile.   
From the above discussions, it can be seen that, even with a pile stiffness 
reduction of 5% to account for joint flexibility effects, the influence on the 
computed bending moments and accelerations is quite small. It can hence be 
concluded that, for the centrifuge tests performed in this study, the influence 













Table A.1 Basic information of the two calculations 
 
Ground motion type PBA (g) Ep (GPa) Pile Poisson's ratio 
Case-1 short-duration medium 0.0615 70 0.2 
























          


























Hanged mass at pile tip (kg) 
Theoretical
Measured
y = 1.0211x 






























Theoretical deflection near pile tip (mm) 





  Dt 
Dm 
Dt , theoretical deflection at the 
pile tip; Dm, measured 
deflection at pile tip 
(a) Calibration of pile-raft system         (b) Schematic deflection of cantilevered pile  


























      (a) Acceleration time history                         (b) Acceleration response spectrum 
Figure A.4 Comparison of computed raft acceleration responses with rigid joint and 












































































Hanged mass at pile tip (kg) 
Theoretical
Measured y = 1.0103x 

































Theoretical deflection near pile tip (mm) 
(a) Deflection versus hanged mass          (b) Measured deflection versus theoretical deflection 
















(a) Outer pile                                                       (b) Inner pile 
 
Figure A.5 Comparison of computed maximum bending moment profiles with rigid 

















































APPENDIX B  TYPICAL MEASURED 
ACCELERATION AND BENDING MOMENT TIME 
HISTORIES 
 
        This appendix contains typical measured acceleration and bending 
moment time histories during centrifuge tests. Due to the limitation of space, 
for some cases (including 4×3 hollow steel pile-raft model subjected to long- 
and short-duration small and large ground motions, 4×3 hollow steel and solid 
aluminum pile-raft models with different added masses subjected to long- and 
short-duration medium ground motions), only bending moment time histories 
obtained from the uppermost strain gauges affixed to the instrumented piles 


































    (e) long-duration large, base                     (f) long-duration large, clay surface 
Figure B.1 Measured acceleration time histories at sample base and surface for pure 
kaolin bed subjected to long-duration small, medium and large ground 










































































































































(b) short-duration medium 
 
 
(c) short-duration large 
 
Figure B.2 Measured acceleration time histories at sample base and surface for pure 
kaolin bed subjected to short-duration small, medium and large ground 
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25 s medium, base
Surface 
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(a) Sample base                                          (b) Raft top 
Figure B.3 Measured acceleration time histories at sample base and raft top for 2×1 
sparse aluminum pile-raft model subjected to long-duration medium 








(a) Sample base                                          (b) Raft top 
 
Figure B.4 Measured acceleration time histories at sample base and raft top for 2×1 
compact aluminum pile-raft model subjected to long-duration medium 








(a) Sample base                                          (b) Raft top 
Figure B.5 Measured acceleration time histories at sample base and raft top for 2×3 
aluminum pile-raft model subjected to long-duration medium ground 





































































































































(d) long-duration large, base                        (e) long-duration large, raft 
 
Figure B.6 Measured acceleration time histories at sample base and raft top for 4×3 
aluminum pile-raft model subjected to long-duration small, medium and 



























































































































(a) short-duration small 
 
(b) short-duration medium 
 
(c) short-duration large 
Figure B.7 Measured acceleration time histories at sample base and raft top for 4×3 
aluminum pile-raft model subjected to short-duration small, medium and 
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25 s large, raft
25 s large, base
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 (d) long-duration large, base                        (e) long-duration large, raft 
 
Figure B.8 Measured acceleration time histories at sample base and raft top for 4×3 
hollow steel pile-raft model subjected to long-duration small, medium and 

























































































































(a) short-duration small 
 
(b) short-duration medium 
 
(c) short-duration large 
Figure B.9 Measured acceleration time histories at sample base and raft top for 4×3 
hollow steel pile-raft model subjected to short-duration small, medium 























25 s medium, raft













































25 s small, raft
25 s small, base
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             (c) Raft+Mass-2                                                 (d) Raft+Mass-3 
Figure B.10 Raft top acceleration time histories for samples with different added 
masses at raft top (4×3 aluminum pile group, long-duration medium 










































































































(c) Raft+Mass-2                            (d) Raft+Mass-3 
Figure B.11 Raft top acceleration time histories for samples with different added 
masses at raft top (4×3 aluminum pile group, short-duration medium 









































































































         (c) Raft+Mass-2                                                            (d) Raft+Mass-3 
Figure B.12 Raft top acceleration time histories for samples with different added 
masses at raft top (4×3 hollow steel pile group, long-duration medium 











































































































           (c) Raft+Mass-2                                                            (d) Raft+Mass-3 
Figure B.13 Raft top acceleration time histories for samples with different added 
masses at raft top (4×3 hollow steel pile group, short-duration medium 



















































































































Figure B.14 Measured bending moment time histories for pile in 2×1 sparse 
aluminum pile-raft model subjected to long-duration medium ground 



















































































































































































































































Figure B.15 Measured bending moment time histories for pile in 2×1 compact 
aluminum pile-raft model subjected to long-duration medium ground 











































































































































































































  (g) S7, 5.6 m  below pile head              (h) S8, 4.3 m below pile head         (i) S9, 3 m below pile head  
 




























Figure B.16 Measured bending moment time histories for pile in 2×3 aluminum pile-













































































































































































             (g) S7, 5.6 m below pile head          (h) S9, 3 m below pile head  
 





















Figure B.17 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to long-duration small ground 









































































































































(d) S7, 5.6 m  below pile head             (e) S8, 4.3 m below pile head         (f) S9, 3 m below pile head  





















Figure B.18 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to long-duration small ground 









































































































































(d) S6, 6.9 m below pile head          (e) S7, 5.6 m  below pile head          (f) S9, 3 m below pile head  



























Figure B.19 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to long-duration medium ground 

























































































































































(d) S6, 6.9 m below pile head          (e) S7, 5.6 m  below pile head          (f) S8, 4.3 m below pile head  



























Figure B.20 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to long-duration medium ground 

























































































































































 (g) S9, 3 m below pile head  





















Figure B.21 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to long-duration large ground 
































































































































 (d) S7, 5.6 m  below pile head           (e) S8, 4.3 m below pile head       (g) S9, 3 m below pile head 



























Figure B.22 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to long-duration large ground 


















































































































































 (f) S9, 3 m below pile head 


























Figure B.23 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to short-duration small ground 


























































































































































 (d) S6, 6.9 m below pile head          (e) S7, 5.6 m  below pile head     (f) S8, 4.3 m below pile head            



























Figure B.24 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to short-duration small ground 

























































































































































 (d)  S5, 8.175 m below pile head       (e) S6, 6.9 m below pile head         (f) S7, 5.6 m  below pile head           



























Figure B.25 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to short-duration medium 


















































































































































 (f) S9, 3 m below pile head 


























Figure B.26 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to short-duration medium ground 



















































































































































 (f) S9, 3 m below pile head 



























Figure B.27 Measured bending moment time histories for outer pile in 4×3 solid 
aluminum pile group sample subjected to short-duration large ground 

























































































































































 (f) S9, 3 m below pile head 



























Figure B.28 Measured bending moment time histories for inner pile in 4×3 solid 
aluminum pile group sample subjected to short-duration large ground 

























































































































































 (d)  S5, 8.175 m below pile head       (e) S6, 6.9 m below pile head         (f) S7, 5.6 m  below pile head           



























Figure B.29 Measured bending moment time histories for outer pile in 4×3 hollow 
steel pile group sample subjected to long-duration medium ground 




































































































































































































Figure B.30 Measured bending moment time histories for inner pile in 4×3 hollow 
steel pile group sample subjected to long-duration medium ground 
motion (Test 23) 
 
 



























































































































































































Figure B.31 Measured bending moment time histories for outer pile in 4×3 hollow 
steel pile group sample subjected to short-duration medium ground 











































































































































































Figure B.32 Measured bending moment time histories for inner pile in 4×3 hollow 
steel pile group sample subjected to short-duration medium ground 









(a) Outer pile                                     (b) Inner pile 
Figure B.33 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow steel pile group sample subjected to long-duration small 
ground motion (2.425 m below pile head, Test 22) 
 




































































































































































































(a) Outer pile                                     (b) Inner pile 
Figure B.34 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow steel pile group sample subjected to long-duration large 









(a) Outer pile                                     (b) Inner pile 
 
Figure B.35 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow steel pile group sample subjected to short-duration small 






































































































(a) Outer pile                                     (b) Inner pile 
 
Figure B.36 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow steel pile group sample subjected to short-duration large 










(a) Outer pile                                           (b) Inner pile 
 
Figure B.37 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-1, subjected to 









































































































(a) Outer pile                                      (b) Inner pile 
Figure B.38 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-2, subjected to 













(a) Outer pile                                     (b) Inner pile 
Figure B.39 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-3, subjected to 






































































































(a) Outer pile                                           (b) Inner pile 
 
Figure B.40 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-1, subjected to 










(a) Outer pile                                           (b) Inner pile 
 
Figure B.41 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-2, subjected to 















































































































(a) Outer pile                                           (b) Inner pile 
 
Figure B.42 Measured bending moment time histories at uppermost strain gauge for 
4×3 solid aluminum pile group sample with added mass-3, subjected to 










   (a) Outer pile                                           (b) Inner pile 
 
Figure B.43 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-1, subjected to long-




































































































   (a) Outer pile                                           (b) Inner pile 
 
Figure B.44  Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-2, subjected to long-










   (a) Outer pile                                           (b) Inner pile 
 
Figure B.45 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-3, subjected to long-

































































































   (a) Outer pile                                           (b) Inner pile 
 
Figure B.46 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-1, subjected to short-












   (a) Outer pile                                           (b) Inner pile 
 
Figure B.47 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-2, subjected to short-



































































































   (a) Outer pile                                           (b) Inner pile 
 
Figure B.48 Measured bending moment time histories at uppermost strain gauge for 
4×3 hollow pile group sample with added mass-3, subjected to short-























































APPENDIX C  LIST OF NUMERICAL 
SIMULATIONS FOR THE PARAMETRIC STUDIES 
IN CHAPTER 6 
 
 
Table C.1 List of numerical simulations performed for the parametric studies with 
short-duration ground motions 











1 15 5 729 0.1345 2.7 0.9 2060 16.2 
2 15 5 729 0.0562 2.7 0.9 2060 16.2 
3 15 5 729 0.0135 2.7 0.9 1030 16.2 
4 15 5 729 0.0135 2.7 0.9 2060 16.2 
5 15 5 729 0.0135 2.7 0.9 4120 16.2 
6 15 30 1919 0.0562 2.7 0.9 2060 16.2 
7 15 30 6086 0.0562 2.7 0.9 2060 16.2 
8 15 30 729 0.1345 2.7 0.9 1030 16.2 
9 15 30 729 0.1345 2.7 0.9 2060 16.2 
10 15 30 729 0.1345 2.7 0.9 4120 16.2 
11 15 30 729 0.0562 2.7 0.9 1030 16.2 
12 15 30 729 0.0562 2.7 0.9 2060 16.2 
13 15 30 729 0.0562 2.7 0.9 4120 16.2 
14 15 30 729 0.0135 2.7 0.9 2060 16.2 
15 15 70 1919 0.1345 2.7 0.9 2060 16.2 
16 15 70 1919 0.0562 2.7 0.9 2060 16.2 
17 15 70 6086 0.1345 2.7 0.9 2060 16.2 
18 15 70 6086 0.0562 2.7 0.9 2060 16.2 
19 15 70 729 0.1345 2.7 0.9 1030 16.2 
20 15 70 729 0.1345 2.7 0.9 2060 16.2 
21 15 70 729 0.1345 2.7 0.9 4120 16.2 
22 15 70 729 0.0562 2.7 0.9 1030 16.2 
23 15 70 729 0.0562 2.7 0.9 2060 16.2 
24 15 70 729 0.0562 2.7 0.9 4120 16.2 
25 15 70 729 0.0135 2.7 0.9 2060 16.2 
26 15 210 1919 0.0562 2.7 0.9 2060 16.2 
27 15 210 6086 0.0562 2.7 0.9 2060 16.2 
28 15 210 729 0.1345 2.7 0.8 2060 16.2 
29 15 210 729 0.0562 2.7 0.9 2060 16.2 
30 15 210 729 0.0135 2.7 0.9 2060 16.2 
31 15 70 1919 0.0135 2.7 0.9 2060 16.2 
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32 15 5 729 0.0135 2.7 0.8 2060 16.2 
33 15 5 729 0.0135 2.7 1.2 2060 16.2 
34 15 30 729 0.0562 2.7 0.8 2060 16.2 
35 15 30 729 0.0562 2.7 1.2 2060 16.2 
36 15 70 729 0.1345 2.7 0.8 2060 16.2 
37 15 70 729 0.1345 2.7 1.2 2060 16.2 
38 15 70 729 0.0562 2.7 0.8 2060 16.2 
39 15 70 729 0.0562 2.7 1.2 2060 16.2 
40 15 5 729 0.0135 1.76 0.9 2060 16.2 
41 15 5 729 0.0135 7.85 0.9 2060 16.2 
42 15 30 729 0.0562 1.76 0.9 2060 16.2 
43 15 30 729 0.0562 7.85 0.9 2060 16.2 
44 15 70 729 0.1345 1.76 0.9 2060 16.2 
45 15 70 729 0.1345 7.85 0.9 2060 16.2 
46 15 70 729 0.0562 1.76 0.9 2060 16.2 
47 15 70 729 0.0562 7.85 0.9 2060 16.2 
48 20 5 729 0.1345 2.7 0.9 2060 21.2 
49 20 5 729 0.0562 2.7 0.9 2060 21.2 
50 20 5 729 0.0135 2.7 0.9 1030 21.2 
51 20 5 729 0.0135 2.7 0.9 2060 21.2 
52 20 5 729 0.0135 2.7 0.9 4120 21.2 
53 20 30 729 0.1345 2.7 0.9 2060 21.2 
54 20 30 729 0.0562 2.7 0.9 2060 21.2 
55 20 30 729 0.0135 2.7 0.9 2060 21.2 
56 20 70 729 0.1345 2.7 0.9 2060 21.2 
57 20 70 729 0.0562 2.7 0.9 1030 21.2 
58 20 70 729 0.0562 2.7 0.9 2060 21.2 
59 20 70 729 0.0562 2.7 0.9 4120 21.2 
60 20 70 729 0.0135 2.7 0.9 2060 21.2 
61 20 70 729 0.1345 2.7 0.9 1030 21.2 
62 20 70 729 0.1345 2.7 0.9 4120 21.2 
63 20 210 729 0.1345 2.7 0.9 2060 21.2 
64 20 210 729 0.0562 2.7 0.9 2060 21.2 
65 20 210 729 0.0135 2.7 0.9 2060 21.2 
66 20 30 1919 0.1345 2.7 0.9 2060 21.2 
67 20 30 1919 0.0562 2.7 0.9 2060 21.2 
68 20 30 6086 0.1345 2.7 0.9 2060 21.2 
69 20 30 6086 0.0562 2.7 0.9 2060 21.2 
70 20 70 1919 0.1345 2.7 0.9 2060 21.2 
71 20 70 1919 0.0562 2.7 0.9 2060 21.2 
72 20 70 6086 0.1345 2.7 0.9 2060 21.2 
73 20 70 6086 0.0562 2.7 0.9 2060 21.2 
74 20 210 1919 0.1345 2.7 0.9 2060 21.2 
75 20 210 1919 0.0562 2.7 0.9 2060 21.2 
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76 20 210 6086 0.1345 2.7 0.9 2060 21.2 
77 20 210 6086 0.0562 2.7 0.9 2060 21.2 
78 20 5 729 0.0135 1.6 0.9 2060 21.2 
79 20 5 729 0.0135 7.85 0.9 2060 21.2 
80 20 30 729 0.0562 1.6 0.9 2060 21.2 
81 20 30 729 0.0562 7.85 0.9 2060 21.2 
82 20 70 729 0.1345 1.6 0.9 2060 21.2 
83 20 70 729 0.1345 7.85 0.9 2060 21.2 
84 20 70 729 0.0562 1.6 0.9 2060 21.2 
85 20 70 729 0.0562 7.85 0.9 2060 21.2 
86 20 5 729 0.0135 2.7 0.8 2060 21.2 
87 20 5 729 0.0135 2.7 1.2 2060 21.2 
88 20 30 729 0.0562 2.7 0.8 2060 21.2 
89 20 30 729 0.0562 2.7 1.2 2060 21.2 
90 20 70 729 0.1345 2.7 0.8 2060 21.2 
91 20 70 729 0.1345 2.7 1.2 2060 21.2 
92 20 70 729 0.0562 2.7 0.8 2060 21.2 
93 20 70 729 0.0562 2.7 1.2 2060 21.2 
94 25 5 729 0.1345 2.7 0.9 2060 26.2 
95 25 5 729 0.0562 2.7 0.9 2060 26.2 
96 25 5 729 0.0135 2.7 0.9 1030 26.2 
97 25 5 729 0.0135 2.7 0.9 2060 26.2 
98 25 5 729 0.0135 2.7 0.9 4120 26.2 
99 25 30 729 0.1345 2.7 0.9 2060 26.2 
100 25 30 729 0.0562 2.7 0.9 2060 26.2 
101 25 30 729 0.0135 2.7 0.9 2060 26.2 
102 25 70 1919 0.1345 2.7 0.9 2060 26.2 
103 25 70 1919 0.0562 2.7 0.9 2060 26.2 
104 25 70 6086 0.1345 2.7 0.9 2060 26.2 
105 25 70 6086 0.0562 2.7 0.9 2060 26.2 
106 25 70 729 0.1345 2.7 0.9 1030 26.2 
107 25 70 729 0.1345 2.7 0.9 2060 26.2 
108 25 70 729 0.1345 2.7 0.9 4120 26.2 
109 25 70 729 0.0562 2.7 0.9 1030 26.2 
110 25 70 729 0.0562 2.7 0.9 2060 26.2 
111 25 70 729 0.0562 2.7 0.9 4120 26.2 
112 25 70 729 0.0135 2.7 0.9 2060 26.2 
113 25 210 729 0.1345 2.7 0.9 2060 26.2 
114 25 210 729 0.0562 2.7 0.9 2060 26.2 
115 25 210 729 0.0135 2.7 0.9 2060 26.2 
116 25 30 1919 0.1345 2.7 0.9 2060 26.2 
117 25 30 1919 0.0562 2.7 0.9 2060 26.2 
118 25 30 6086 0.1345 2.7 0.9 2060 26.2 
119 25 30 6086 0.0562 2.7 0.9 2060 26.2 
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120 25 210 1919 0.1345 2.7 0.9 2060 26.2 
121 25 210 1919 0.0562 2.7 0.9 2060 26.2 
122 25 210 6086 0.1345 2.7 0.9 2060 26.2 
123 25 210 6086 0.0562 2.7 0.9 2060 26.2 
124 25 5 729 0.0135 1.76 0.9 2060 26.2 
125 25 5 729 0.0135 7.85 0.9 2060 26.2 
126 25 30 729 0.0562 1.76 0.9 2060 26.2 
127 25 30 729 0.0562 7.85 0.9 2060 26.2 
128 25 70 729 0.1345 1.76 0.9 2060 26.2 
129 25 70 729 0.1345 7.85 0.9 2060 26.2 
130 25 70 729 0.0562 1.76 0.9 2060 26.2 
131 25 70 729 0.0562 7.85 0.9 2060 26.2 
132 25 5 729 0.0135 2.7 0.8 2060 26.2 
133 25 5 729 0.0135 2.7 1.2 2060 26.2 
134 25 30 729 0.0562 2.7 0.8 2060 26.2 
135 25 30 729 0.0562 2.7 1.2 2060 26.2 
136 25 70 729 0.1345 2.7 0.8 2060 26.2 
137 25 70 729 0.0562 2.7 0.8 2060 26.2 
138 25 70 729 0.1345 2.7 1.2 2060 26.2 
139 25 70 729 0.0562 2.7 1.2 2060 26.2 
140 35 5 729 0.1345 2.7 0.9 2060 36.2 
141 35 5 729 0.0562 2.7 0.9 2060 36.2 
142 35 5 729 0.0135 2.7 0.9 1030 36.2 
143 35 5 729 0.0135 2.7 0.9 2060 36.2 
144 35 5 729 0.0135 2.7 0.9 4120 36.2 
145 35 30 1919 0.1345 2.7 0.9 2060 36.2 
146 35 30 6086 0.1345 2.7 0.9 2060 36.2 
147 35 30 729 0.1345 2.7 0.9 2060 36.2 
148 35 30 729 0.0562 2.7 0.9 1030 36.2 
149 35 30 729 0.0562 2.7 0.9 2060 36.2 
150 35 30 729 0.0562 2.7 0.9 4120 36.2 
151 35 30 729 0.0135 2.7 0.9 2060 36.2 
152 35 70 1919 0.1345 2.7 0.9 2060 36.2 
153 35 70 1919 0.0562 2.7 0.9 2060 36.2 
154 35 70 6086 0.1345 2.7 0.9 2060 36.2 
155 35 70 6086 0.0562 2.7 0.9 2060 36.2 
156 35 70 729 0.1345 2.7 0.9 1030 36.2 
157 35 70 729 0.1345 2.7 0.9 2060 36.2 
158 35 70 729 0.1345 2.7 0.9 4120 36.2 
159 35 70 729 0.0562 2.7 0.9 1030 36.2 
160 35 70 729 0.0562 2.7 0.9 2060 36.2 
161 35 70 729 0.0562 2.7 0.9 4120 36.2 
162 35 70 729 0.0135 2.7 0.9 2060 36.2 
163 35 210 729 0.1345 2.7 0.9 2060 36.2 
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164 35 210 729 0.0562 2.7 0.9 2060 36.2 
165 35 210 729 0.0135 2.7 0.9 2060 36.2 
166 35 5 729 0.0135 1.76 0.9 2060 36.2 
167 35 5 729 0.0135 7.85 0.9 2060 36.2 
168 35 30 729 0.0562 1.76 0.9 2060 36.2 
169 35 30 729 0.0562 7.85 0.9 2060 36.2 
170 35 70 729 0.1345 1.76 0.9 2060 36.2 
171 35 70 729 0.1345 7.85 0.9 2060 36.2 
172 35 70 729 0.0562 1.76 0.9 2060 36.2 
173 35 70 729 0.0562 7.85 0.9 2060 36.2 
174 35 5 729 0.0135 2.7 0.8 2060 36.2 
175 35 5 729 0.0135 2.7 1.2 2060 36.2 
176 35 30 729 0.0562 2.7 0.8 2060 36.2 
177 35 30 729 0.0562 2.7 1.2 2060 36.2 
178 35 70 729 0.1345 2.7 0.8 2060 36.2 
179 35 70 729 0.1345 2.7 1.2 2060 36.2 
180 35 70 729 0.0562 2.7 0.8 2060 36.2 
181 35 70 729 0.0562 2.7 1.2 2060 36.2 
182 35 70 1919 0.0135 2.7 0.9 2060 36.2 
183 35 70 6086 0.0135 2.7 0.9 2060 36.2 
184 35 70 6086 0.1345 2.7 0.9 2060 36.2 
185 35 30 1919 0.0562 2.7 0.9 2060 36.2 
186 35 30 6086 0.0562 2.7 0.9 2060 36.2 
187 35 210 1919 0.1345 2.7 0.9 2060 36.2 
188 35 210 1919 0.0562 2.7 0.9 2060 36.2 
189 35 210 6086 0.1345 2.7 0.9 2060 36.2 
190 35 210 6086 0.0562 2.7 0.9 2060 36.2 
191 15 5 729 0.1345 2.7 0.9 2060 36.2 
192 15 5 729 0.1345 2.7 0.9 1030 36.2 
193 15 5 729 0.1345 2.7 0.9 4120 36.2 
194 15 5 729 0.1345 1.76 0.9 2060 36.2 
195 15 5 729 0.1345 7.85 0.9 2060 36.2 
196 15 5 729 0.0562 2.7 0.9 2060 36.2 
197 15 5 729 0.0135 2.7 0.9 2060 36.2 
198 15 30 1919 0.1345 2.7 0.9 2060 36.2 
199 15 30 1919 0.1345 2.7 0.9 1030 36.2 
200 15 30 1919 0.1345 2.7 0.9 4120 36.2 
201 15 30 1919 0.1345 1.76 0.9 2060 36.2 
202 15 30 1919 0.1345 7.85 0.9 2060 36.2 
203 15 30 1919 0.0562 2.7 0.9 2060 36.2 
204 15 30 6086 0.1345 2.7 0.9 2060 36.2 
205 15 30 6086 0.0562 2.7 0.9 2060 36.2 
206 15 30 729 0.1345 2.7 0.9 2060 36.2 
207 15 30 729 0.1345 1.76 0.9 2060 36.2 
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208 15 30 729 0.1345 7.85 0.9 2060 36.2 
209 15 30 729 0.0562 2.7 0.9 2060 36.2 
210 15 30 729 0.0562 2.7 0.9 1030 36.2 
211 15 30 729 0.0562 2.7 0.9 4120 36.2 
212 15 30 729 0.0562 1.76 0.9 2060 36.2 
213 15 30 729 0.0562 7.85 0.9 2060 36.2 
214 15 30 729 0.0135 2.7 0.9 2060 36.2 
215 15 70 1919 0.1345 2.7 0.9 2060 36.2 
216 15 70 1919 0.0562 2.7 0.9 2060 36.2 
217 15 70 1919 0.0562 1.76 0.9 2060 36.2 
218 15 70 1919 0.0562 7.85 0.9 2060 36.2 
219 15 70 6086 0.1345 2.7 0.9 2060 36.2 
220 15 70 6086 0.0562 2.7 0.9 2060 36.2 
221 15 70 729 0.1345 2.7 0.9 2060 36.2 
222 15 70 729 0.1345 1.76 0.9 2060 36.2 
223 15 70 729 0.1345 7.85 0.9 2060 36.2 
224 15 70 729 0.0562 2.7 0.9 2060 36.2 
225 15 70 729 0.0562 2.7 0.9 1030 36.2 
226 15 70 729 0.0562 2.7 0.9 4120 36.2 
227 15 70 729 0.0562 1.76 0.9 2060 36.2 
228 15 70 729 0.0562 7.85 0.9 2060 36.2 
229 15 70 729 0.0135 2.7 0.9 2060 36.2 
230 15 210 1919 0.1345 2.7 0.9 2060 36.2 
231 15 210 1919 0.0562 2.7 0.9 2060 36.2 
232 15 210 6086 0.1345 2.7 0.9 2060 36.2 
233 15 210 6086 0.0562 2.7 0.9 2060 36.2 
234 15 210 729 0.1345 2.7 0.9 2060 36.2 
235 15 210 729 0.1345 1.76 0.9 2060 36.2 
236 15 210 729 0.1345 7.85 0.9 2060 36.2 
237 15 210 729 0.0562 2.7 0.9 2060 36.2 
238 15 210 729 0.0562 1.76 0.9 2060 36.2 
239 15 210 729 0.0562 7.85 0.9 2060 36.2 
240 15 210 729 0.0135 2.7 0.9 2060 36.2 
241 15 5 729 0.0562 2.7 0.8 2060 36.2 
242 15 5 729 0.0562 2.7 1.2 2060 36.2 
243 15 30 729 0.1345 2.7 0.9 1030 36.2 
244 15 30 729 0.1345 2.7 0.9 4120 36.2 
245 15 30 729 0.1345 2.7 0.8 2060 36.2 
246 15 30 729 0.1345 2.7 1.2 2060 36.2 
247 15 30 729 0.0562 2.7 0.8 2060 36.2 
248 15 30 729 0.0562 2.7 1.2 2060 36.2 
249 15 70 729 0.1345 2.7 0.9 1030 36.2 
250 15 70 729 0.1345 2.7 0.9 4120 36.2 
251 15 70 729 0.1345 2.7 0.8 2060 36.2 
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252 15 70 729 0.1345 2.7 1.2 2060 36.2 
253 15 70 729 0.0562 2.7 0.8 2060 36.2 
254 15 70 729 0.0562 2.7 1.2 2060 36.2 
255 15 210 729 0.1345 2.7 0.9 1030 36.2 
256 15 210 729 0.1345 2.7 0.9 4120 36.2 
257 15 210 729 0.0562 2.7 0.9 1030 36.2 
258 15 210 729 0.0562 2.7 0.9 4120 36.2 
259 15 210 729 0.1345 2.7 0.8 2060 36.2 
260 15 210 729 0.1345 2.7 1.2 2060 36.2 
261 15 210 729 0.0562 2.7 0.8 2060 36.2 
262 15 210 729 0.0562 2.7 1.2 2060 36.2 
263 25 5 729 0.1345 2.7 0.9 2060 36.2 
264 25 5 729 0.0562 2.7 0.9 2060 36.2 
265 25 5 729 0.0562 2.7 0.9 1030 36.2 
266 25 5 729 0.0562 2.7 0.9 4120 36.2 
267 25 5 729 0.0562 1.76 0.9 2060 36.2 
268 25 5 729 0.0562 7.85 0.9 2060 36.2 
269 25 5 729 0.0562 2.7 0.8 2060 36.2 
270 25 5 729 0.0562 2.7 1.2 2060 36.2 
271 25 5 729 0.0135 2.7 0.9 2060 36.2 
272 25 30 1919 0.1345 2.7 0.9 2060 36.2 
273 25 30 1919 0.0562 2.7 0.9 2060 36.2 
274 25 30 1919 0.0562 1.76 0.9 1030 36.2 
275 25 30 6086 0.1345 2.7 0.9 2060 36.2 
276 25 30 6086 0.0562 2.7 0.9 2060 36.2 
277 25 30 6086 0.0562 7.85 0.9 4120 36.2 
278 25 30 729 0.1345 2.7 0.9 2060 36.2 
279 25 30 729 0.1345 2.7 0.8 2060 36.2 
280 25 30 729 0.1345 2.7 1.2 2060 36.2 
281 25 30 729 0.1345 2.7 0.9 1030 36.2 
282 25 30 729 0.1345 2.7 0.9 4120 36.2 
283 25 30 729 0.1345 1.76 0.9 2060 36.2 
284 25 30 729 0.1345 7.85 0.9 2060 36.2 
285 25 30 729 0.0562 2.7 0.9 2060 36.2 
286 25 30 729 0.0562 2.7 0.9 1030 36.2 
287 25 30 729 0.0562 2.7 0.9 4120 36.2 
288 25 30 729 0.0562 1.76 0.9 2060 36.2 
289 25 30 729 0.0562 7.85 0.9 2060 36.2 
290 25 30 729 0.0562 2.7 0.8 2060 36.2 
291 25 30 729 0.0562 2.7 1.2 2060 36.2 
292 25 30 729 0.0135 2.7 0.9 2060 36.2 
293 25 70 729 0.1345 2.7 0.9 1030 36.2 
294 25 70 729 0.1345 2.7 0.9 4120 36.2 
295 25 70 729 0.0562 2.7 0.9 1030 36.2 
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296 25 70 729 0.0562 2.7 0.9 4120 36.2 
297 25 210 729 0.0562 2.7 0.9 1030 36.2 
298 25 210 729 0.0562 2.7 0.9 4120 36.2 
299 25 70 1919 0.1345 2.7 0.9 2060 36.2 
300 25 70 1919 0.0562 2.7 0.9 2060 36.2 
301 25 70 6086 0.0562 2.7 0.9 2060 36.2 
302 25 70 729 0.1345 2.7 0.9 2060 36.2 
303 25 70 729 0.1345 1.76 0.9 2060 36.2 
304 25 70 729 0.1345 7.85 0.9 2060 36.2 
305 25 70 729 0.0562 2.7 0.9 2060 36.2 
306 25 70 729 0.0562 1.76 0.9 2060 36.2 
307 25 70 729 0.0562 7.85 0.9 2060 36.2 
308 25 70 729 0.0135 2.7 0.9 2060 36.2 
309 25 210 729 0.1345 2.7 0.9 2060 36.2 
310 25 210 729 0.1345 1.76 0.9 2060 36.2 
311 25 210 729 0.1345 7.85 0.9 2060 36.2 
312 25 210 729 0.0562 2.7 0.9 2060 36.2 
313 25 210 729 0.0562 1.76 0.9 2060 36.2 
314 25 210 729 0.0562 7.85 0.9 2060 36.2 
315 25 210 729 0.0135 2.7 0.9 2060 36.2 
316 25 70 6086 0.1345 2.7 0.9 2060 36.2 
317 25 210 1919 0.1345 2.7 0.9 2060 36.2 
318 25 210 1919 0.0562 2.7 0.9 2060 36.2 
319 25 210 6086 0.0562 2.7 0.9 2060 36.2 
320 25 210 729 0.1345 2.7 0.9 1030 36.2 
321 25 210 729 0.1345 2.7 0.9 4120 36.2 
322 25 70 729 0.1345 2.7 0.8 2060 36.2 
323 25 70 729 0.1345 2.7 1.2 2060 36.2 
324 25 70 729 0.0562 2.7 0.8 2060 36.2 
325 25 70 729 0.0562 2.7 1.2 2060 36.2 
326 25 210 6086 0.1345 2.7 0.9 2060 36.2 
327 25 210 729 0.1345 2.7 0.8 2060 36.2 
328 25 210 729 0.1345 2.7 1.2 2060 36.2 
329 25 210 729 0.0562 2.7 0.8 2060 36.2 
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Table C.2 List of numerical simulations performed for the parametric studies with 
long-duration ground motions 
No. Ep (GPa) mstr (tonne) PBA (g) ρsoil (g/cm
3
) M A 
1 5 334 0.1576 2.7 0.9 2060 
2 5 334 0.0615 2.7 0.9 2060 
3 5 334 0.0112 2.7 0.9 1030 
4 5 334 0.0112 2.7 0.9 2060 
5 5 334 0.0112 2.7 0.8 2060 
6 5 334 0.0112 2.7 1.2 2060 
7 5 334 0.0112 2.7 0.9 4120 
8 5 334 0.0112 1.76 0.9 2060 
9 5 334 0.0112 7.85 0.9 2060 
10 30 334 0.1576 2.7 0.9 2060 
11 30 334 0.0615 2.7 0.9 1030 
12 30 334 0.0615 2.7 0.9 2060 
13 30 334 0.0615 2.7 0.9 4120 
14 30 334 0.0615 1.76 0.9 2060 
15 30 334 0.0615 7.85 0.9 2060 
16 30 334 0.0615 2.7 0.8 2060 
17 30 334 0.0615 2.7 1.2 2060 
18 30 334 0.0112 2.7 0.9 2060 
19 70 334 0.1576 2.7 0.9 1030 
20 70 334 0.1576 2.7 0.9 4120 
21 70 334 0.1576 2.7 0.9 2060 
22 70 334 0.0615 2.7 0.9 2060 
23 70 334 0.0112 2.7 0.9 2060 
24 70 334 0.1576 2.7 0.8 2060 
25 70 334 0.1576 2.7 1.2 2060 
26 70 334 0.0615 2.7 0.9 1030 
27 70 334 0.0615 2.7 0.9 4120 
28 70 334 0.0615 2.7 0.8 2060 
29 70 334 0.0615 2.7 1.2 2060 
30 210 334 0.1576 2.7 0.9 2060 
31 210 334 0.0615 2.7 0.9 2060 
32 210 334 0.0112 2.7 0.9 2060 
33 5 906 0.0615 2.7 0.9 2060 
34 5 2906 0.0615 2.7 0.9 2060 
35 30 906 0.0615 2.7 0.9 2060 
36 30 2906 0.0615 2.7 0.9 2060 
37 70 906 0.1576 2.7 0.9 2060 
38 70 906 0.0615 2.7 0.9 2060 
39 70 2906 0.0615 2.7 0.9 2060 
40 70 334 0.1576 1.76 0.9 2060 
41 70 334 0.1576 7.85 0.9 2060 
42 70 334 0.0615 1.76 0.9 2060 
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43 70 334 0.0615 7.85 0.9 2060 
44 210 906 0.1576 2.7 0.9 2060 
45 70 906 0.0112 2.7 0.9 2060 
46 70 2906 0.1576 2.7 0.9 2060 
47 30 906 0.1576 7.85 0.9 1030 
48 30 906 0.1576 1.76 0.9 4120 
49 70 2906 0.0615 1.76 0.9 1030 
50 70 2906 0.0615 7.85 0.9 4120 
51 70 2906 0.0112 2.7 0.9 2060 
52 210 2906 0.1576 2.7 0.9 2060 
53 30 334 0.1576 1.76 0.9 2060 
54 30 334 0.1576 7.85 0.9 2060 
55 30 906 0.1576 2.7 0.9 2060 
56 30 2906 0.1576 2.7 0.9 2060 
57 30 334 0.1576 2.7 0.9 1030 
58 30 334 0.1576 2.7 0.8 2060 
59 30 334 0.1576 2.7 1.2 2060 
60 30 334 0.1576 2.7 0.9 4120 
61 210 906 0.0615 2.7 0.9 2060 
62 210 2906 0.0615 2.7 0.9 2060 
63 210 334 0.1576 2.7 0.9 1030 
64 210 334 0.1576 1.76 0.9 2060 
65 210 334 0.1576 7.85 0.9 2060 
66 210 334 0.1576 2.7 0.8 2060 
67 210 334 0.1576 2.7 1.2 2060 
68 210 334 0.1576 2.7 0.9 4120 
69 210 334 0.0615 2.7 0.9 1030 
70 210 334 0.0615 1.76 0.9 2060 
71 210 334 0.0615 7.85 0.9 2060 
72 210 334 0.0615 2.7 0.8 2060 
73 210 334 0.0615 2.7 1.2 2060 










APPENDIX D  TYPICAL COMPUTED LATERAL 




        As shown below, a few plots showing the lateral displacements computed 
from the FEM study are presented below, which can be used to facilitate 









Figure D.1 Computed displacement time histories at base and raft top for 4×3 solid 






























































Figure D.2 Computed displacement time histories at base and raft top for 4×3 solid 








Figure D.3 Computed displacement time histories at base and raft top for 4×3 solid 









Figure D.4 Computed displacement time histories at base and raft top for 4×3 solid 















































































































Figure D.5 Computed displacement time histories at base and raft top for 4×3 solid 









Figure D.6 Computed displacement time histories at base and raft top for 4×3 solid 
aluminum pile group subjected to short-duration large ground motion 
 
        The computed displacement time histories at base and raft (equivalent to 
the pile head) for 4×3 solid aluminum pile group subjected to long- and short-
duration small, medium and large ground motions are presented in Figures 
D.1-6.  As can be seen, the relative motions between base and raft increase 
with the earthquake intensity. For the small long- and short-duration ground 
motions excited, the relative motions between base and raft are very small, 
with values of about 2% and 13% respectively; the slippage or gapping likely 
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large long- and short-duration ground motions excited, the corresponding 
relative motion between the pile head and tip are about 34% and 30% 
respectively; hence, the slippage or gapping may potentially occur between the 
pile and soil interface for the large imposed ground motion.  Hence, the 
current modelling technique which neglects the possible gapping and slippage 
between pile and soil interface may need further validation when the excited 
ground motions are of relatively much larger amplitudes.  
 
 
